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CHAPTER 1 
Introduction and Background 
Traumatic axonal injury (TAI) or diffuse axonal injury (DAI) is one of the main 
observations during traumatic brain injury (TBI). About 2 million cases are reported 
every year with over 50,000 sustain permanent neurological deficits (Coronado, XU, 
Basavaraju, McGuire, & Wald, 2011).TAI is mainly caused during motor vehicle 
accidents, sports related injury, and other medical conditions where the axons are 
stretched (Adams, Graham, Murray, & Scott, 1982) (Beel, Stodieck, & Luttges, 1986). It 
is very important to understand the neurophysiological changes occurring during this 
tension process so that we can predict outcomes in real life injuries. Spinal nerve roots 
resemble closely to the axons in the brain and are easier to stretch compared to axons 
in the brain. Studying the neurophysiological properties of these spinal nerve roots can 
give insight into what would happen in an actual TBI both in terms of spinal cord and 
brain. 
Furthermore, spinal nerve roots are also involved in lower back pain (LBP). LBP 
is one of the chief complaints that compel the patients to seek medical help. In most 
cases, any aberration or strain on the spinal nerve roots can generate such problems 
(M.K. Kwan et al., 1986). A significant chemical irritation can also impose stress, 
especially if it entails pain sensitive structures. Commonly involved structures constitute 
nerve roots, outer portions of disc, facet joints, posterior and anterior longitudinal 
ligaments (Louw, 1986). Subsequently, the body responds by emitting painful and 
obnoxious sensations, that can provide quite discomfort to the patient. 
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Stress can also be induced by motor vehicle accidents, injuries, disc herniation or 
protrusions, leading to deficits in the motor control and functioning (Beel et al., 1986; 
Nordin & Frankel, 2001). Sciatica and radicular pain are also known to compromise the 
nerve roots, causing problems. Additionally, certain spinal tumors can put pressure and 
stretch on the nerve roots and can even dislocate the spinal cord, initiating pain 
(Olmarker & Rydevik, 1998).  
These roots undergo lot of tension during traumatic axonal injury (TAI). 
Traumatic axonal injury is one of the outcomes of traumatic brain injury (TBI) (Adams et 
al., 1982). TBI is one of the leading causes of injury related deaths in older people 
(age>65) and young adults (age<19) (Coronado et al., 2011). It is responsible for the 
over 53,014 deaths average per year in the last 10 years and those who survive will 
mostly face permanent neurological deformities (Coronado et al., 2011). TAI most 
commonly occur during serious motor vehicle incidents that can disrupt axons and white 
matter tract. This causes severe injury to axons, decreasing the efficiency of the 
neurons to propagate the nerve impulses, causing defects (Adams et al., 1982). 
Therefore, it is highly important to investigate and discover the mechanism and the 
process that caused such a problem on spinal nerve roots. 
Many researchers are interested in exploring the pathology and mechanics 
leading to these neurological findings. Previous research has studied the effect on 
peripheral nerves when subjected to mechanical loading. They have reported both 
neurophysiological and morphological changes occurring due to this stress (Driscoll, 
Glasby, & Lawson, 2002; M. K. Kwan, Wall, Massie, & Garfin, 1992; Wall et al., 1992). 
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But very little studies are available on spinal nerve roots and their neurophysiological 
behavior under mechanical stress and strain. These roots provide continuity between 
peripheral nerves and the spinal cord. A study by Beel and his fellow researchers found 
out that there is a significant difference in the mechanical structure and the properties 
between spinal nerves roots and the peripheral nerves (Beel et al., 1986). The spinal 
nerve roots are now known to undergo mechanical strain more readily in comparison to 
peripheral nerves (Beel et al., 1986). 
The experiments conducted by Singh et al on the spinal nerve roots have 
reported neurophysiological deficits when subjected to tensile loading. They have 
shown that as strain increases, the functional deficits also increase. As the strain 
surges, there is a loss in conduction velocity, amplitude, and area under the curve of 
compound action potential. Moreover, they have also shown that as strain rate 
increases, the threshold value of strain for complete conduction loss reduces. Threshold 
values of strain for 0.01mm/sec, 1mm/sec, and 15mm/sec strain rate are 16%, 10%, 
and 9% respectively (Singh, Kallakuri, Chen, & Cavanaugh, 2009). Since these nerve 
roots are very similar to the axons in CNS, these findings help us very effectively 
understand the patho-mechanism and neurophysiological behavior that would occur in 
an actual TBI. However, this study fails to give any comments on post stretch behavior 
and recovery. Also, it does not show the nerve root behavior under higher strain rates. 
More research is needed to assess how the variations in the functionality occur under 
the impact of different strains applied at higher rates.  
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Thus, this research project is designed to conduct a thorough examination to this 
matter and seek some answers to these perplexing questions. In this study, the varying 
degrees of strains, with different displacement rates are applied to the spinal nerve root 
model to uncover their behavior under TAI. 
1.1 EPIDEMIOLOGY AND CLINICAL ASPECT OF NERVE ROOT STRETCH 
Spinal Disorders 
It has been estimated that almost 80% of people in United States suffer from 
lower back pains. It is mostly seen in the younger adults of age 20-40 years with equal 
sex distribution and severity (Wheeler AH & DB, 2005).  Pain sensitive structures of the 
spine are the causative elements that inflict pain and uncomfortable sensation, 
associated with it. The pain sensitive areas are primarily comprised of nerve roots, dura 
matter, disc annulus, facet joints, muscles, posterior and anterior longitudinal ligaments 
(Wheeler AH & DB, 2005). Lower back pain becomes more pronounced when any 
anomaly causes deterioration of the discs and the facet joints. This is seen more 
advertently as the person ages. For example, 10% of people aged 50 will experience it 
compare to 60% of aged 70 (J. A. Miller, Schmatz, & Schultz, 1988). Even the slight 
herniation of the nucleus pulposus of intervertebral disc and the spinal stenosis causes 
extreme pain. This is one of the most common ailments associated with the lower back 
pain (Luoma et al., 2000). Other anomalies include anatomical spine deformities, such 
as scoliosis, tumors, sepsis of spine, infections of pelvic and GI organs (Kelsey & White, 
1980). 
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Furthermore, intervertebral disc prolapse caused by factors like tension or 
compression, putting pressure to the nerve roots are the source of lower back pain as 
well (Louw, 1986). Prolapsed disc of the lumbar region is more common and is primarily 
seen in people of 25 to 45 (Kelsey & White, 1980). Heavy weight lifting (25 LBs or more) 
with extended arms and straight kneed are one of the causes of prolapsed discs. Motor 
vehicle accidents can also be its triggering points (Kelsey & White, 1980). 
About one fourth of the people with lower back pain will experience sciatica, 
which is the inflammation of sciatic nerve root, causing pain in the lower extremities and 
the glutes (Olmarker & Rydevik, 1998). This inflammation could be due to any of the 
causes mentioned from disc herniation to osteoarthritis. Moreover, these factors can 
also elicit radicular pain which can be cervical or lumbar in nature depending on the 
underlying issue. Other pathological conditions like cauda equina syndrome (CES) are 
also commonly seen in patients with impaired lumbosacral intervertebral discs 
(Contamin, Doubrere, Struz, & Baillet, 1983). Even the complications during surgeries 
can evoke such symptoms. In addition, congenital abnormalities of the spinal column, 
like spina bifida occulta, are also very frequently associated with it as well (Contamin et 
al., 1983). Though these conditions are not as traumatic, but still it can instigate 
obnoxious pain sensations and discomfort for the patient.  
Traumatic Nerve Root Injuries 
Traumatic injuries are more severe and provoke substantial physiological 
impairment and the disruption in the functioning of the nerve roots. In such conditions, 
there is more abrupt and extensive tension on the nerve root. This could be due to 
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factors like violent fights, motor vehicle or road accidents, falls, diving and other sports 
injuries, and traumatic birth deliveries such as shoulder dystocia. Brachial plexus and 
lumbosacral plexus can be damaged in such occurrences (Monga, Ahmed, Gupta, & 
Rao, 2004). The brachial plexus injury not only imposes agonizing and excruciating pain 
to the patient, but it also causes severe destruction of upper limb function (Sunderland, 
1974). These injuries occur in more than 1% of motor vehicle and snowmobile accidents 
and are very challenging to manipulate and treat. In 50% of these events, there is large 
stretch and contusions (Kim, 2004). 3.16% of traumatic birth deliveries can lead to 
partial or complete rupture of nerve root avulsion which can give rise to brachial 
plexopathy (S. F. Miller, Glasier, Griebel, & Boop, 1993). Thus, these conditions require 
more attention and the need for aggressive medical treatment. 
Traumatic Axonal Injury  
One of the leading causes of mortality and disability in the world is traumatic 
brain injury (TBI). About 2 million cases of TBI have been seen annually in the United 
States alone (Coronado et al., 2011). It can cause major damage that results in the 
death or irreversible impairment in both adults and children. It has been reported that 
60,000 deaths are accounted due to TBI and about 70,000 to 90,000 patients never get 
fully treated and suffer lifelong disabilities (Colantonio, Croxford, Farooq, Laporte, & 
Coyte, 2009). Severe cranial injuries due to automobile accidents commonly involve 
teenagers and adults which still lay the at topmost causes of TBI, followed by falls as 
the second grievance factors (Coronado et al., 2011). These injuries produce several 
mental deficits and the personality changes in the victims. Eventual loss of attention, 
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memory losses, constant headaches, dizziness and irritability are few of the symptoms 
(Mittl et al., 1994). 
In any traumatic brain injury, the extent of the axonal damage should be 
assessed. This is important to comprehend the underlying major pathology that evoked 
such physical and mental indications. It has been noted that exacerbation of these 
symptoms is directly correlated with severity of the axonal injury (Povlishock & 
Christman, 1995). However, there is still inadequate information available to acquire 
complete understanding of the pathology of nerve root damage under high strain rate. 
More research should be conducted to inquire about the neurophysiological changes 
occurring under these conditions. This will enable the physicians and researchers to 
identify the magnitude of injury and its inflicting nerve function impairment. 
 
 
1.2 ANATOMY OF SPINAL NERVE ROOTS 
Nervous System 
The human nervous system consists of two parts: Central and Peripheral 
nervous system. Central nervous system consists of brain and the spinal cord whereas 
peripheral nervous system consists of nerves and ganglia that are not contained in the 
central nervous system. Peripheral nervous system is a bridge between the central 
nervous system and the whole body. Peripheral nervous system includes the cranial 
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and the spinal nerves. It is further divided into somatic and autonomic nervous system. 
Peripheral nerves are connected to the central nervous system through the spinal cord. 
Spinal Cord Anatomy 
Spinal cord extends from foramen magnum in the brain to the first lumbar 
vertebra. It consists of H shaped grey matter surrounded by white matter (figure 1.1). 
The grey matter consists of neuronal cell bodies, dendrites, glial cells, and is divided 
into dorsal and ventral horn. The white matter consists of myelinated ascending and 
descending fiber tracts (Moore & Agur, 2007).  
Figure 1.1: Cross-section of spinal cord.www.infovisual.info 
The spinal cord is contained in the vertebral column (figure 1.2) which protects 
the spinal cord and extends from the skull to the apex of coccyx. The spinal cord and 
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the brain are surrounded by meninges and cerebrospinal fluid (CSF).  Meninges are a 
set of three membranes: Dura mater, arachnoid mater, and the pia mater. Pia mater is 
the innermost meningeal layer. CSF flows between the pia matter and arachnoid mater. 
Dura mater is the outermost layer adjacent to the bone.  
 
Figure 1.2: Vertebral column in lateral (A) and posterolateral (B) view (Moore & Agur, 
2007) 
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 In adults, we have 33 vertebrae arranged into five different sections; 7 cervical, 
12 thoracic, 5 lumbar, 5 sacral, and 4 coccygeal (figure 1.2). The vertebral column 
consists of small bones called vertebra with sit on each other with a cushion like 
cartilaginous structure in between called the intervertebral disc (IV). This arrangement 
provides flexibility and support to the spinal cord and upper body as a whole.  
 
Figure 1.3: Vertebra of spinal cord. A and B. Vertebral body (purple) and vertebral arch 
(red). Seven processes and their functions. C and D. formation of intervertebral foramen 
and facet joint (Moore & Agur, 2007). 
The two main parts of vertebrae are: vertebral body and vertebral arch (figure 
1.3). The vertebral body is the bony and massive part of the vertebrae which provides 
the support for the spinal cord. Its size increases as we move towards the pelvic region 
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to support the increase in body weight. The vertebral arch lies to the posterior side of 
the vertebral body and forms a structure for protection and passage of the spinal cord. It 
is formed by combining left and right pedicles with the laminae. The posterior part of 
vertebral body and vertebral arch form the vertebral canal. Vertebral canal contains 
spinal cord, meninges, fat, spinal nerve roots, and blood vessels. 
Each vertebral arch contains seven processes that make the complete structure 
of the arch (figure 1.3). It includes one spinous process, two transverse processes, four 
articular processes. The two inferior and superior articular processes forms the facet 
joint that connects the two vertebras at the vertebral arch. From the indentations 
produced by the vertebra body and articular processes of the pedicule, the 
intervertebral foramen is formed.  This cavity can be seen in the lateral view of the 
vertebral column (figure 3). It provides passage to the spinal nerve roots, blood vessels 
and contains dorsal root ganglia. 
Spinal Nerves and Nerve Roots 
  Spinal nerves are part of peripheral nervous system which emerge from different 
segments of spinal cord and connects spinal cord to the rest of the body. Spinal nerve 
contains both the dorsal and ventral spinal nerve roots of the spinal cord. These dorsal 
and ventral roots combine together near the intervertebral foramen and form the 
corresponding spinal nerve. The dorsal root contains the ascending sensory nerve 
fibers with their cell bodies in the dorsal root ganglia, whereas ventral root contains the 
descending motor fibers with their cell bodies in the ventral horn of the spinal cord. 
Since the spinal nerves are formed by combination of dorsal (sensory) and ventral 
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(motor) roots, these nerves are mixed nerves. There are 31 left-right pairs of spinal 
nerves: 8 cervical (C1-C8), 12 thoracic (T1-T12), 5 lumbar (L1-L5), 5 sacral (S1-S5), 
and 1 coccygeal (figure 1.2).  
 Since the spinal cord terminates at the L1 region, the vertebral canal 
thereafter contains only the lumbosacral nerve roots. The bundle of roots in this region 
is called the cauda equina (figure 1.2). These roots do not have the three layer 
connective tissue arrangement as seen in the peripheral nerves. They are only covered 
with pia and resemble closely to the nerves in the CNS.  
Anatomy of Peripheral Nerves 
 
Figure 1.4: Peripheral nerve (Moore & Agur, 2007). 
Peripheral nerves are a complex structure of individual nerve fiber, blood vessels 
and connective tissue (figure 1.4). Each fiber is covered by a layer of connective tissue 
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called endoneurium. Each bundle of these fibers is called fascicle. Each fascicle is 
covered with another layer of connective tissue called perineurium. Each bundle of 
fascicles is contained in another layer of connective tissue called epineurium. These set 
of connective tissues protect the nerve fiber from any damage due to compression or 
stretching. Nourishment is supplied to these fibers through a well-developed intraneural 
microvascular system within the epineurium, perineurium, and endoneurium. The 
epineurium provides a blood-nerve barrier quite similar to the blood-brain barrier in the 
CNS. However, within the perineurium, it is required to maintain the appropriate 
endoneurial environment of the peripheral nerves (Moore & Agur, 2007). 
Peripheral nerves can be myelinated or unmylinated. Most nerve fibers are 
myelinated except some in the cutaneous nerves (Moore & Agur, 2007). Myelin is 
produced by schwann (neurolemma) cells in the nerve fiber. Myelin sheath increases 
the conduction speed due salutatory conduction. The action potential jumps from one 
node of ranvier to the next. 
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Blood Supply in Spinal Cord 
 
 
Figure 1.5: Blood supply in spinal cord (Moore & Agur, 2007) 
Blood supply to the spinal cord is through a set of longitudinal left right posterior 
and anterior spinal arteries (figure 1.5). These arteries send their branches into the 
spinal cord and also make connections with the spinal branch through the anterior and 
posterior medullary arteries. The spinal branch arises from the vertebral, intercostal, 
lumbar or sacral arteries. This blood supply is not enough to sustain the energy 
requirement of the spinal cord; hence, radicular arteries arising from the aorta make 
connections into the spinal cord and provide major contributions towards blood supply. 
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These radicular arteries run alongside with the dorsal and ventral nerve roots and do 
not make connections with the longitudinal arteries. 
Sciatic Nerve 
The human sciatic nerve consists of 5 nerves. Spinal nerve L4, L5, S1, S2 and 
S3 combine to form the sciatic nerve. Being a peripheral nerve, the sciatic nerve is a 
mixed nerve containing both sensory and motor nerve fibers. It is divided into two 
nerves near the lower thigh, right above the back of the knee: The peroneal nerve, 
which travels laterally towards the upper foot while the tibial nerve descends 
longitudinally towards the sole of the foot (Moore & Agur, 2007).  
The rat sciatic nerve consists of L4, L5, and L6 spinal nerve. After the mid-thigh 
level, the sciatic nerve splits into tibial, peroneal, sural nerves and cutaneous branches 
(Gelderd & Chopin, 1977). Another study done by Asato and his fellow group has found 
that rat sciatic nerve mostly consists of L4 and L5 spinal nerves. In this study of 24 rats, 
13 rats (54%) showed that L6 sends a thin branch to the sciatic nerve without fusing 
with it. However, for the remaining 11 rats (46%), L6 ran along with the sciatic nerve 
(Asato, Butler, Blomberg, & Gordh, 2000). 
Rat Spinal Nerve Root Model 
We cannot directly measure the strain and displacement rates in the human brain 
when induced to trauma. It is essential to mimic the environment contained in the 
human brain to some more practical mode of measurement. An in vivo spinal nerve root 
model is developed for the lumbar nerve roots collected from the lab rats (Singh, Lu, 
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Chen, Kallakuri, & Cavanaugh, 2006). The in-vivo rat spinal roots model is very close to 
the actual brain environment due to the following reason: 
1) The spinal nerve roots do not have the connective tissue layer epineurium 
and perineurium. This makes their structural property more similar to the 
axons in CNS.  
2) Since the dorsal nerve root is easy to access after laminectomy, loading 
axially with desired strain and strain rate becomes plausible.  
3) The approximate length of the L5 nerve root is 20-30mm. This provides 
enough length for neurophysiological recordings before and after stretch. 
1.3 HYPOTHESES AND SPECIFIC AIMS 
Hypothesis for the current study are mentioned below. 
1) Amplitude, area under the curve, and conduction velocity of compound action 
potential deceases with increasing strain on the spinal nerve root. (Functional 
Injury) 
2) Amplitude, area under the curve, and conduction velocity of compound action 
potential decreases with increase in displacement rate (strain rate) on the spinal 
nerve root. 
3) Amplitude, AUC and CV show greater decrease in the proximal end (RE2) of the 
root compared to the distal end (RE1). 
4) Lower strains and lower displacement rate provides better recovery over post 
stretch period. 
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Specific aims of this study are mentioned below. 
1) To determine the relationship between strain and functional nerve injury such as 
measured by amplitude, AUC, and CV of the compound action potential. 
2) To determine the relationship between displacement rate and amplitude, AUC, 
and CV. 
3) To determine post stretch recovery, if any of spinal nerve root after tensile 
loading. 
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CHAPTER 2 
Neurophysiology 
Resting Membrane Potential 
A cell has a potential difference with respect to its extracellular environment. If 
we place a voltmeter across the intracellular and extracellular matrix, with extracellular 
electrode assigned 0 volts, we would get a net negative deflection in the voltmeter. In 
the nerve cell this value is -70mV and is called the resting membrane potential (Em). 
This difference is caused by excess negative ions in the cell and excess positive ions 
outside the cell. Since positive and negative charges attract each other, these excess 
ions migrate towards the membrane surface on both sides. This creates a polarity at the 
membrane although the deep intracellular and extracellular matrixes are neutral (Figure 
2.1) (C.Guyton, 2002).  
 
Figure 2.1: Schematic of finding resting membrane potential in a cell. 
www.medicine.mcgill.ca 
Membrane potential depends on the following factors: The concentration of 
various ions inside and outside the cell, permeability of the membrane to these ions, 
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and sodium potassium pump to maintain the resting membrane potential (Eric P. 
Widmaier, Hershel Raff, & Strang, 2007). 
Membrane potential is formed due to the opposite actions of two forces on ions: 
the concentration gradient and the electrical gradient. The potential at which these two 
forces for a given ion cancel out is called the equilibrium potential for that ion. 
Equilibrium potential and the concentrations for the main ions such as potassium, 
sodium and chloride are given in the table below: 
Table 2.1: Concentration and equilibrium potential values of sodium, potassium, and 
chloride ions inside a cell (Eric P. Widmaier et al., 2007). 
Ion Extracellular 
(mmoles/lit) 
Intracellular 
(mmoles/lit) 
Rel. 
Permeability 
Equil. Potential(Equ) 
(mV) 
K+ 5  150 30 -90 mV 
Na+ 150  15 1 +60 mV 
Cl 108 10 0.025 -70 mV 
 
The net driving force for an ion can be calculated by subtracting the equilibrium 
potential from the membrane potential (Em-Equ). We can see that K+ has a driving force 
of 20mV [(-70) – (-90)] towards extracellular matrix whereas Na+ has a driving force of – 
130mV (-70-60) towards intracellular matrix. Due to high permeability of potassium and 
low permeability of sodium, these ions tend to leak about the same amount even though 
the driving forces differ tremendously. To balance the diffusion of ions and maintain the 
resting membrane potential, an energy consuming sodium-potassium pump is used in 
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the membrane (figure 2.2). This pump uses adenosine triphosphate (ATP) to pump out 
three intracellular Na+ for every two K+ extracellular ions pumped in. The sodium 
potassium pump has a huge role in maintaining the resting membrane potential and 
priming the neuron for the action potential (C.Guyton, 2002).  
 
Figure 2.2: Sodium potassium pump. www.Mhhe.com 
Action potential 
When the neuron is excited to a threshold value (-55mV), there is a 
conformational change in the voltage-sensitive ion channels which control the flow of 
sodium ions. This causes the neuron to elicit an all- or- none response called the action 
potential. Action potentials are rapid changes in the membrane potential from its resting 
stage (-70mV) to depolarized stage (+30mV) and back to resting stage in about 1ms. 
This process happens in four stages (figure 2.3): 
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Figure 2.3: Action potential formation (modified from .www.dummies.com) 
• Initiation: When a mechanical, electrical or chemical stimulus causes imbalance 
on the cell membrane surface, Na+ ions enter the cell causing the membrane 
potential to increase from resting stage. 
• Depolarization: When this increase in the membrane potential passes a threshold 
value of -55mV, Na+ permeability increase 5000 times(C.Guyton, 2002). Voltage 
gated Na+ opens causing extracellular sodium ions to rush into the cell. The 
driving force at this time is around -115mV.The voltage tries to rise to the 
equilibrium voltage of sodium ions (Equ=60mV) 
• Repolarization: The increase in the membrane potential inactivates the sodium 
channels and opens the special type of voltage-gated potassium channel at 
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around 30mV. This causes K+ ions to rush out of the cell causing a decrease in 
the membrane potential. Blockage of sodium ions would be enough to repolarize 
the membrane but the process is speeded up by opening of these additional 
potassium channels (Eric P. Widmaier et al., 2007). 
• Hyperpolarization: During the repolarizing stage, potassium channels fail to close 
right away causing the membrane potential to drive a little lower towards the 
equilibrium potential of potassium (Equ=-90mV). The membrane comes back to 
its resting stage with the help of sodium potassium pump. This overshoot is seen 
more so in the case of large nerve fibers (C.Guyton, 2002). 
It has been observed that in some cases where calcium ions are deficient in 
extracellular matrix, the sodium gates do not close completely making membrane leaky 
to sodium ions. This causes action potential to remain longer in the depolarized state. 
Also when calcium concentration inside the cell increases, the permeability of 
potassium ions decreases causing delay in the repolarization process and hence 
broadening the action potential (C.Guyton, 2002). 
Compound Action Potential (CAP) and Conduction Velocity (CV) 
 When a nerve is stimulated, different fibers in the nerve generate their individual 
action potential. Compound action potential is the summation of all these action 
potentials (Gasser & Erlanger, 1927) (figure 2.4) . Conduction velocity is the speed at 
which each of these action potentials travel along the axon. At the stimulating electrode 
the axons in the nerve fiber produce action potentials simultaneously but depending on 
the type of fiber, their conduction speed varies. Fast fibers reach the recording electrode 
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quicker compared to slow fibers; hence, we observe multiple peaks in the CAP 
waveform (figure 2.4). Each peak belongs to a particular type of fiber which can 
determined based on its conduction velocity. 
 
Figure 2.4: Compound action potential and conduction velocity (latency) (Nokes et al., 
1991) 
 
Classification of Nerve Fibers 
A nerve fiber consists of different types of axons with varying diameters, 
functionality and conduction velocity (Gasser & Grundfest, 1939). Table 2.2 below 
provides the classification of sensory nerve fibers in a rat sciatic nerve. 
 
24 
 
 
Table 2.2: Erlanger/Gasser classification of sensory nerve fibers in rat sciatic nerve 
(Nokes et al., 1991) 
 
 There are three main types of fibers: type A (myelinated), type B (myelinated) 
and type C (unmyelinated). Type A fibers are the fast conducting myelinated fibers. 
They are subdivided into alpha, beta, gamma, and delta. The conduction speeds of 
these fibers range from 6m/sec to 120m/sec. These fibers are major part of spinal 
nerves. Type B are slow conducting myelinated fibers. Type C fibers are unmyelinated 
and response to pain and pressure. They are the slowest conducting fibers with speed 
ranging from 0.5m/sec to 2m/sec (De Andrés, Alonso-Iñigo, Sala-Blanch, & Angel 
Reina, 2005). Rat L5 dorsal nerve roots consist of A and C fibers. Within A type, there 
are alpha, beta and delta fibers (Prodanov & Feirabend, 2007) . 
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Figure 2.5: CAP in the current study showing CV at various distinguishable peaks and 
end of recording point. 
Above figure shows the CAP profile in the current study. We see that the 
conduction velocity observed is always greater than 5m/sec. This study addressed the 
waveform between points 2 and 7. This belongs to a speed range of 20-70m/sec which 
constitutes mostly A beta fibers (Prodanov & Feirabend, 2007) . 
Excitation for CAP 
Each individual fiber in the nerve will have its own stimulus threshold to elicit an 
action potential. Fibers with larger diameter require lower stimulus strength to elicit a 
response (Gasser & Grundfest, 1939). We can find these different fibers on the CAP 
profile based on their conduction velocity. It has been shown that conduction velocity of 
a nerve fiber is a function of its diameter. It follows the function CV = 1.5*(Dia3/2) and CV 
increases as the diameter of the fiber increases (Prodanov & Feirabend, 2007). Figure 
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2.6 below shows how the CAP waveform changes when the strength of electrical 
stimulus increases. A higher strength of stimulus elicits higher amplitude CAP response 
as more nerve fibers are activated. Also, we can see the waveform of individual fibers 
(A, B, C) at different time points along the horizontal time axis.  
 
Figure 2.6: CAP formation from a sciatic nerve with the strength of stimulus increasing 
from top to bottom. Distance of stimulation is 80mm (Wells et al., 2005).  
As the applied voltage increases, the time taken to elicit an action potential 
reduces. Figure 2.7 below shows the relationship between latency period and the 
applied stimulus voltage. The minimum voltage required to elicit a response is called the 
rheobase voltage. Below this voltage there would not be any action potential formation. 
Utilization time is the time it takes for the nerve to elicit response when under the action 
of rheobase voltage. The utilization time for A fibers is about 0.3msec. The chronaxie is 
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the time required to elicit an action potential when voltage applied is twice the rheobase 
voltage. Chronaxie for a type A fibers is about 0.1-0.2msec whereas smaller myelinated 
nerve fibers have it about 0.3msec (C.Guyton, 2002). 
 
Figure 2.7: Excitability curve of a large myelinated fiber. Horizontal axis is the time 
required to elicit a response whereas vertical axis is the stimulus voltage (C.Guyton, 
2002). 
 Based on the above concept, to make sure we elicit all the A beta nerve fibers, 
we used an electric impulse of width 0.3ms duration with 1Hz frequency. Applied 
voltage was 1, 3 and 5 Volts but we only considered 5 Volts for analysis. Previous 
studies on frog sciatic nerve have used square pulse of 0.1ms duration at 10Hz 
(Kiziltan, Dalkilic, Guney, & Pehlivan, 2007). Another study on rat sciatic nerve using 
microelectrode array used a current of 1mA at 5V for 0.5ms (Lee, Kim, Shin, & Lee, 
2006). Another study used rat sciatic nerve stimulation as a control to compare to 
optical stimulation using voltages 0.3 to 0.6 V with 5usec pulse duration (Wells et al., 
2005) 
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Formation of CAP  
 Action potential and membrane changes can be recorded using both intracellular 
and extracellular electrodes. For decades scientists have used intracellular 
measurements to study excitable membranes. Figure below (figure 2.8) describes the 
basic intracellular setup. 
 
Figure 2.8: Basic intracellular setup. The microelectrode is attached to the amplifier 
which sends the signal simultaneously to tape recorder, cathode ray oscilloscope and 
speaker (J.F, 1982). 
 The most common intracellular technique is that of using a microelectrode to 
measure electrical variations at the membrane. An advantage of this setup is that it 
provides the absolute values of the electrical changes happening across the membrane. 
The limitation of this setup is that the neuron has to be completely stationary. Any 
movement could cause the cell to be lost; hence, this method cannot be used in vivo as 
there is always movement in the CNS when the animal is alive (J.F, 1982). Moreover, 
this method is invasive causing damage to the cell. 
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 Extracellular recordings are easier and less invasive but are less selective as one 
would not know which neuron is actually giving the signal unless histology studies are 
done. This method gives us the overall activity of that region, which is considered 
desirable when looking at a macroscopic level (J.F, 1982). The most common 
extracellular approach uses the bipolar electrode. Figure 2.9 explains how bipolar 
electrodes record the action potential activities happening at the surface of the 
membrane. 
 
Figure 2.9:  Formation of CAP using bipolar electrode (L.A, 1972). 
 The two electrodes A and B are placed on the surface of the nerve fiber with 
adequate distance between them so that the bioelectric activity at point A is 
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independent of bioelectric activity at point B. Also, bioelectric events such as 
depolarization, polarization and hyperpolarization give just one monophasic action 
potential (L.A, 1972). When the action potential reaches A (figure 2.9--2), electrode at A 
becomes negative with respect to B. This causes a positive deflection in the voltmeter. 
As the action potential passes point A, the membrane comes down to its neutral state 
(figure 2.9--3). When the same action potential reaches B, it makes the electrode at B 
negative with respect to A causing the voltmeter to deflect in the opposite direction 
(figure 2.9--4). When this action potential leaves B, the membrane comes down to its 
resting stage giving us a biphasic compound action potential (figure 2.9--5). If the 
distance between the two electrodes is more than the optimum value, we would get a 
flat line in the two phases. If the distance between the two electrodes is less than the 
optimum value, the two phases cancel each other giving us a smaller CAP (figure 2.9--
6).  
In the current study we used two bipolar electrodes, one for recording electrode 1 
(RE1) and one for recording electrode 2 (RE2). The distance between RE1 and RE2 
was10mm and the distance between the individual electrodes was 2mm. This was 
considered the optimum distances in previous studies (Singh et al., 2009). Also, due to 
the mixed population of the nerve fiber, we can get various biphasic peaks contributing 
to the CAP wave form. The different class of sensory nerve fibers (Table 2.2) have 
different conduction velocities, causing them to reach the recording electrode at 
different times, resulting in the various waveforms of the CAP. 
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CHAPTER 3 
Methods and Data Analysis 
Surgical Procedure 
A total of 71 male Sprague Dawley rats (400-450g) out of 132 were used for this 
analysis. The exclusion criteria for these rats are mentioned in the results section. 
These rats were anesthetized using ketamine (40mg/kg) and Xylazine (20mg/kg) given 
through intraperitoneal injection. After surgery and during the experiment, these rats 
were maintained at a dose of ketamine (13mg/kg) and xylazine (7mg/kg).  An L1-L5 
laminectomy was performed and bilateral L5 dorsal nerve root was exposed. After 
surgery the roots were kept in a warm pool (37◦C) of mineral oil. Also, the left sciatic 
nerve was exposed by removing left gluteal and thigh muscles to insert the bipolar 
stimulating electrode. The surgical and all other procedures were approved by Animal 
Investigation Committee at Wayne State University.  
The rats were divided into 5 groups as shown in the table 3.1 below. The 
experiment numbers are listed and summarized in Appendix C. In the control group, 
after the laminectomy, the bilateral L5 dorsal nerve root was kept intact without cutting 
the proximal end. In sham, the L5 nerve root was cut at the proximal end and sutured 
with a fine dual duty silk thread. No stretch was performed on sham roots. 
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Table 3.1: Total number of rats in each group. 
Speed Total 
20mm/sec 18 
200mm/sec 20 
800mm/sec 22 
Sham 6 
Control 6 
Total 72 
Neurophysiological Setup 
After the surgery, two bipolar platinum wire recording electrode were placed 
under the L5 dorsal nerve root approximately 10mm apart. The first electrode 
(RE1/CH1) was placed near the distal DRG end and the second electrode (RE2/CH2) 
was placed near the proximal. Also, a miniature bipolar hook like stimulating electrode 
connected to the stimulus isolator (AM Systems, Model 2100) was placed under the 
exposed left sciatic nerve (Chen, Lu, Cavanaugh, Kallakuri, & Patwardhan, 2005).  
Electrical stimulation excited the sciatic nerve with voltages 1, 3 and 5 Volts. The 
duration of these pulses were 0.3 ms with frequency of 1Hz.  The recording electrodes 
on the sensory L5 nerve root picked up these activities as evoked compound action 
potentials (CAP). The approximate length of travel of these evoked CAPs was 72mm; 
measured from sciatic nerve stimulus site to the L5 recording electrode. 
These electrodes were connected to two channels of the A.C preamplifier 
(x1000, AM System, Model 1700). The A.C preamplifier displayed these activities on the 
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oscilloscope (10-2K mv/div, Tektronix Model 5103N) and simultaneously sent the data 
to the FM tape recorder (MR-30; TEAC, Montebello, CA).  The output data from both 
amplifier and the stimulator were recorded on a tape and simultaneously sent to the 
EGAA system (3ms/div) on the computer screen. In figure 3.1 the channel 1 (1 Volt/div) 
and channel 2 (1Volt/div) on the EGAA screen refers to recording electrode 1 and 
recording electrode 2 respectively. Output from the stimulator is displayed as channel 8 
(2Volt/div) on the EGAA screen. Figure 3.1 below shows the complete setup. 
Figure 3.1: Complete neurophysiological setup. 
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Mechanical Testing 
After completion of baseline neurophysiological recording, these rats were taken 
to the mechanical setup station where they were stretched. An actuator was used to 
induce stretch by providing the desired speed. This was done by accelerating and 
decelerating using electromagnetic induction. The force incurred on the nerve root was 
captured by the load cell attached to the actuator. The nerve root stretch motion was 
captured by the high speed camera installed just above the rat platform. All the data 
from these various sources were inputted to the EGAA system for acquisition and 
analysis. Figure 3.2 below shows various components of this setup.  
 
 
Figure 3.2: Complete mechanical setup. 
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The nerve root was cut at the proximal end while keeping the distal DRG end 
intact. The proximal end was sutured with a fine silk thread for all the 20mm/sec 
experiments. It was noticed that the suture caused necking and rupturing due to load 
concentration at higher strains for 200mm/sec; hence, near the end of 200mm/sec 
experiments, a miniature blood vessel clamp (Fine Science Tools, Foster City, CA) was 
attached to the proximal cut end and then sutured with the silk thread around the clamp. 
This provided a more distributed pressure to the root than suture alone. 
This silk thread was attached to the load cell mounted on the actuator. For 
20mm/sec, a 100g LRM200 Miniature S beam load cell (FUTEK, Columbus, OH) was 
used. For 200mm/sec, a 100g FORT 100 load cell (WPI, Sarasota, FL) was used. For 
800mm/sec, a 150g Model 11 subminiature load cell (Honeywell, Columbus, OH) was 
used. Later on, due to failure of this 150g load cell after 22 experiments, we had to get a 
250g load cell subminiature load cell (Honeywell, Columbus, OH). The figure below 
shows all these load cells. 
 
Figure 3.3 Different load cells used for the three different speeds. 
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These load cells were mounted on the actuator which provided the desired 
speed. For 20mm/sec Parker-Hannifin actuator (Model No. ETB32-B02L-A2X-FM100-
AF86, Rochester Hills, MI) was used. For 200mm/sec and 800mm/sec we needed an 
actuator which could accelerate and decelerate at a higher rate; hence, a Parker- 
Hannifin high speed actuator (Model No. PRA2510S-309-S-S05P, Rochester Hills, MI) 
was used. Length of the nerve root was measured, and based on our desired speed 
and strain; parameters were set on the actuator. Slack was provided on the silk thread 
to obtain the desired speed before the pulling the nerve. For 800mm/sec, an additional 
deceleration was obtained via an axial impact on aluminum honeycomb (3” in diameter 
and 0.5” thick, with crush strength of 620 psi). 
Nerve stretch was captured using a high speed camera (Kodak Motion Corder, 
Kodak, San Deigo, CA) placed directly above the surgical area. The nerve root was 
uniformly marked into segments with either acrylic or oil paint. This was done to 
calculate the strain induced in the nerve root. These roots were kept on a 2mm grid 
paper for standardization to calculate absolute displacement and strain. A 2000 
frames/sec camera was used to capture images for 20mm/sec and 200mm/sec while a 
10000 frames/sec camera was used to capture images for 800mm/sec. A stimulator 
was used to trigger the start of the experiment. This data was recorded in the ECR 
mode of the Enhanced Graphics Acquisition and Analysis (EGAA) system (R.C 
Electronic Inc., Santa Barbara, CA). 
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3.1 Data Analysis 
3.11 Strain Analysis 
Two methods were used to analyze strain. First was the continuous method 
which used all the frames starting from the beginning to the end. Using this data we 
plotted strain vs time plots. Second was the static method in which we used first and the 
last image to calculate strain. Image Express software was used for both methods. 
The static strain calculations were considered for this analysis as they were the 
end of stretch strain values. Continuous strain values were used to graph strain vs time 
plots to give us a bird’s eye view of how the nerve is being strained.  
Continuous Method 
Image Express software V5.5 Q (mode 100) was used to determine the 
continuous strain over the whole time period of stretch. The frames captured by the 
camera were opened in this software and the starting frame was marked with markers. 
The marker close to the proximal end (pulled end) was numbered 1. These markers 
were then tracked in the subsequent frames automatically using the “Track” function in 
Image Express (Fig 3.4). The output file was then opened on an Excel sheet (Fig 3.5) 
on which all the strain calculations were performed. Time increments were added based 
on the camera used. These increments were 0.0005sec for 20mm/sec and 200mm/sec, 
and 0.0001 sec for 800mm/sec. Strain 1, which was the segmental strain between 1 
and 2, was considered the proximal strain or channel 2 strain. The last segment strain 
was considered the distal strain (DRG end) or the channel 1 strain. The Average Strain 
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was considered the strain between the first and the last marker (Fig 3.6). The strain-
time plots obtained after performing these procedures resulted in the raw data graph 
(Fig 3.7). This graph had all the segmental strains and the average strain of the nerve 
root. Filtering was performed on the average strain data using Butterworth Filter 
(Microsoft add in) with cut-off frequency of 99Hz (Fig 3.8). This frequency was chosen 
to reduce noise while keeping the overall shape of the strain-time history. The strain-
time plot for all the rat nerve roots considered are added in the Appendix D. The 
average strain value considered in this method was the maximum value obtained in the 
filtered average data. Also, the RE1 and RE2 channel strain were the maximum 
segmental values. Due to some drawback mentioned below in this method, the static 
strain method was used. 
 
Figure 3.4: First frame in Image express. Rat 90 
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Time Frame X1 X2 X3 X4 X5 Li(1) Li(2) Li(3) Li(4) Li(5) 
0 2600 3.7496 -0.70459 -4.96387 -9.15963 -12.8428 -4.45419 -4.25928 -4.19576 -3.68317 -16.5924 
0.0005 2601 3.75875 -0.70616 -4.96312 -9.14839 -12.8428 -4.46491 -4.25696 -4.18527 -3.69441 -16.6016 
0.001 2602 3.76863 -0.70735 -4.96081 -9.1616 -12.8371 -4.47598 -4.25346 -4.20079 -3.6755 -16.6057 
0.0015 2603 3.76816 -0.7117 -4.96088 -9.15163 -12.8389 -4.47986 -4.24918 -4.19075 -3.68727 -16.6071 
0.002 2604 3.77447 -0.7039 -4.96291 -9.1522 -12.8441 -4.47837 -4.25901 -4.18929 -3.6919 -16.6186 
0.0025 2605 3.77395 -0.69968 -4.9592 -9.1675 -12.8445 -4.47363 -4.25952 -4.2083 -3.677 -16.6185 
0.003 2606 3.75934 -0.69856 -4.95614 -9.15486 -12.8417 -4.4579 -4.25758 -4.19872 -3.68684 -16.601 
Figure 3.5: Continuous strain displacement coordinates from Image express. 
 
 
Figure 3.6: Nomenclature of proximal and distal strain for continuous method 
 
Figure 3.7: Raw data graph for continuous strain method 
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Figure 3.8: Filtered strain graph for continuous method 
Static Method 
 Continuous strain analysis method had a drawback that it was not always end of 
stretch strain value. It was observed that the strain value picked up by the maximum 
function in the excel sheet was somewhere between the starting point and end point of 
stretch but rarely at the end of stretch position. From the strain-time plots mentioned in 
the Appendix D, it can be seen that there are spikes in the plots signifying that strain 
rose to a maximum during the stretch and then decreased even while the nerve root 
kept stretching. This is not physiologically possible but was observed may be due to 
noise in the software or software’s glitch in picking wrong marker in the succeeding 
frame or due to nerve root twisting and turning, causing the software to pick up different 
point in the consecutive frame to track. This provided ambiguity to the actual strain 
sustained by the nerve root. 
To overcome this ambiguity, it was decided to focus on finding strain from only 
two images: the first frame and the last frame of the stretch sequence. Markers were 
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added to the two images and Image Express was used to calculate the difference 
between the initial and final displacement of the markers. The strain calculated was at 
the end of the stretch sequence.  
Both X and Y coordinates of the markers were noted and used to calculate the 
total length of each individual segment (Figure 3.9). Final length of these segments was 
tracked using the final frame. Change in these lengths were compared to original 
respective lengths, and used to calculate the strain. The formula used was ∆L/L. The 
RE1 strain was due to the segment near DRG  and RE2 strain was due to the segment 
near proximal end (pulled end) (Fig 3.10). The average strain was the strain between 
the first and the last marker. The average segmental strain was the average of all the 
individual segmental strains. These averaged methods provided strain for the entire 
length of the nerve root between first and last marker, but since these strains did not 
have a one-to-one correspondence with recording electrode location, they were not 
used in the analysis. Only proximal and distal segments were considered for RE2 and 
RE1 analysis respectively (Fig 3.11) .For the roots that were ruptured, the RE2 strain 
was taken at the segment where it ruptured and not the conventional last proximal 
segment. A list of RE1 strains, RE2 strains, average segmental strains, average strains, 
and rupture locations for various experiments are added in Appendix A. 
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Figure 3.9: The marker arrangement for the static method 
 
Figure 3.10: Strain arrangement for the static method 
Channel Nerve position Markers Frame 1 Frame 2 Frame 1 Frame 2 Xi Yi Li Xf Yf Lf ∆L/L Strain
RE1 Drg X1 -12.6762 -10.596 Y1 3.38033 3.18531 (X2-X1) 3.64033 -0.45505 3.668661 3.70533 -0.32503 3.719558 1.3873591
X2 -9.03587 -6.89067 Y2 2.92528 2.86028 (X3-X2) 4.2254 -0.39003 4.243363 4.42043 -0.32503 4.432363 4.4540282
X3 -4.81047 -2.47024 Y3 2.53525 2.53525 (X4-X3) 4.095401 0 4.095401 4.55044 -0.06501 4.550904 11.122314
RE2 Proximal X4 -0.71507 2.0802 Y4 2.53525 2.47024 (X5-X4) 4.095399 -0.06501 4.095915 4.48543 -0.13001 4.487314 9.5558337
Avg Strain X5 3.38033 6.56563 Y5 2.47024 2.34023 (X5-X1) 16.05653 -0.91009 16.0823 17.16163 -0.84508 17.18242 6.840581
Avg segmental strain 6.6298838  
Figure 3.11: Strain calculation for static method 
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3.12 Compound Action Potential Area Under the Curve Analysis 
This analysis of CAP area under the curve (AUC ) has two parts to it. The first 
one involves AUC calculations performed on the evoked compound action potential. 
The second one involves measuring the time dilation in the evoked compound action 
potential. Also, statistical analysis was performed in three ways: First, considering all 
the data points for AUC; second, discarding the data points which showed more than 
46% increase in AUC compared to 0 min reading. This value was obtained by 
calculating the 90% confidence interval in positive increase sham cases; and third, 
discarding cases where there was an increase in AUC. 
AUC Analysis 
Recordings of evoked compound action potential were taken on 9 time points: 
before stretch, 15 min, 30 min, 60 min, 120 min, 180 min, 240 min, 300 min, and 360 
min after stretch. The recordings were taken using the FM tape recorder (MR 30; Teac, 
Montebello, CA) on a tape which was later analyzed using EGAA software.( R.C 
Electronics, Goleta, CA) (Fig 3.12). The image of the compound action potential (CAP) 
was then rectified with respect to the baseline (Fig 3.13). The area between the 
baseline and the starting and end time point of the compound action potential was noted 
from the EGAA output window showing area in volts-sec (Fig 3.14). The starting and 
end time was kept same for all the 9 time point analysis. All the 9 time points were 
compared to the 0 min readings to find out the percentage change in AUC. Similar 
analysis was done for the other recording electrode. 
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Figure 3.12: EGAA display for evoked compound action potential 
 
Figure 3.13: Rectified compound action potential with respect to baseline 
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Figure 3.14 Area under the curve (AUC) for the evoked compound action potential 
 
 
Time Dilation Analysis 
This analysis was performed on nerve roots whose evoked compound action 
potential showed more than 30% increase in AUC. The start and end time point of the 
compound action potential were noted for all the readings starting from 0 min reading to 
6 hours post stretch. Below is the figure of 0 min reading reading and 6 hour post 
stretch reading (Fig 3.15). The percentage change in the time duration of compound 
action potential was calculated with respect to the 0 min reading. A similar method was 
followed for the other recording channel. The experiment number and amount of time 
dilation is listed in the Appendix B. 
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Figure 3.15: Time dilation studies using Image J software. Rat 203, 0 min reading v/s 6 
hour reading 
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3.13 Conduction Velocity Analysis 
The time taken for the compound action potential to travel from the stimulating 
electrode at the sciatic nerve to the recording electrode on the L5 dorsal root was 
obtained by subtracting the stimulating peak time from the onset peak time (Fig 3.16). 
Similarly the travel time for the other electrode was calculated by subtracting stimulating 
peak from its onset peak. The individual channel speed was then calculated by dividing 
the travel distance, which is 72mm, by the above calculated latency of each recording 
electrode. Java based image processing program (Image-J) was used for calculating 
latency for sham, control and 20mm/sec group. EGAA software was used for 
200mm/sec and 800mm/sec. The percentage change in CV was calculated with respect 
to the 0 min recoding for both the channels. 
 
Figure 3.16 Conduction velocity analysis description 
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3.14 Amplitude Analysis 
Two criteria were considered to measure amplitude change. The first was 
baseline-to-peak amplitude and the second was peak-to-peak amplitude. 
Baseline-Peak Amplitude Method 
The EGAA system was used to determine the maximum peak in the different 
channels from the 0 min recordings. The EGAA cursor was moved along the CAP 
profile until till the peak value was visually noted from EGAA channel voltage display on 
the left. The EGAA window was first expanded in the time axis to increase its scale from 
3ms/div to 6ms/div before noting the maximum peak value. This was done to increase 
accuracy in determining the peak value. The same peak was followed throughout the 6 
hours post stretch reading. The value of this peak was subtracted from the baseline 
reading to give us the true peak value (Fig 3.17). Percentage change in the baseline-
peak amplitude was determined with respect to the 0 min reading.  
 
Figure 3.17 Amplitude baseline-to-peak analysis description. 
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Peak-to-peak Amplitude Method 
Image J software was used to determine peak-to-peak amplitudes. The 
difference between the maximum positive voltage and minimum negative voltage was 
calculated and used for analysis (Fig 3.18). The same technique was used for all the 
time points. Percentage change in peak-to-peak amplitude was calculated with respect 
to the 0 min reading.  
 
 
Figure 3.18 Peak-to-peak amplitude analysis description. 
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3.15 Statistical Analysis 
SPSS software (SPSS Inc. Chicago, IL) was used to do the statistical analysis. One 
way ANOVA with post-hoc LSD was used to determine if there were statistical 
differences within the means of amplitude, area under the curve and conduction velocity 
of CAP’s. Any p value less than 0.05 was considered to be significant. For each 
category there were three types of analysis:  
1) Difference between strain groups within each speed. 
2) Difference between speeds within each strain group. 
3) Difference between the two recording electrodes. 
Stretch Recovery Criteria 
Three modes of recovery from stretch were considered based on statistical 
analysis: complete recovery, partial or incomplete recovery, and no recovery. Complete 
recovery was proposed after a certain time point when all the successive time points did 
not show any statistical difference in the percentage change of the functional deficit 
indicator such as AUC, amplitude, and CV with respect to sham. Partial recovery was 
proposed when at least some time points (greater than or equal to 2) did not show any 
statistical difference with respect to sham after stretch and the rest of the time points 
showed statistical difference with respect to sham. No recovery was proposed when all 
the time points were statistically different than sham. 
 Comparison with respect to sham was used to comment on the recovery from 
stretch as sham incorporated the confounding effects of injury due to experimental 
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setup and duration. Sham roots went through all the surgical and experimental 
processes mentioned in methods section except stretch. They showed deficits that 
would have been seen due to the experimental setup; hence, any comparison with 
sham provided the functional deficit due to stretch. 
Comments on recovery were also made based on comparison with 0 min 
recording for peak-to-peak amplitude analysis. This was done for observational 
purposes and not used for commenting on recovery from stretch. 
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CHAPTER 4 
Results 
A total of 132 spinal nerve roots were tested for this study. Out of these, 32 roots 
belonged to 20mm/sec, 38 roots belonged to 200mm/sec, 23 roots belonged to 
800mm/sec, 26 belonged to sham, and 12 roots belonged to control. A total of 72 roots 
out of these 132 roots were used for analysis. Within different groups, we used 18 roots 
(18/32) for 20mm/sec, 20 roots (20/38) for 200mm/sec, 22 roots (22/23) for 800mm/sec, 
6 roots (6/26) for sham, and 6 roots (6/12) for control. Exclusion criteria for these roots 
included failure to survive 6 hours post stretch, equipment error, and redundancy in a 
particular strain group. Table 4.1 below shows the various exclusion factors. Also, 
Appendix A has list of nerve roots considered for the analysis (72) and Appendix C has 
the complete list of experiments (132). 
Table 4.1: Exclusion criteria for the nerve root in various groups. 
Exclusion Criteria 20mm/sec 
N=32 
200mm/sec 
N=38 
800mm/sec 
N=23 
Sham 
N=26 
Control 
N=12 
Failure to survive 6 hours 10 10 1 14 5 
Equipment error    6 1 
Redundancy in a particular strain group 4 8    
The table 4.2 below shows the sample size obtained for each group. These data 
points are based on channel strains. For example, for 20mm/sec and channel strain 
less than 10%, we have 13 data points. These numbers contain the combined RE1 and 
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RE2 data. Thus, one nerve root typically has two data points (RE1 and RE2). Also, in 
the brackets are the mean strain values in each group. 
Table 4.2:  Number of data points for each group 
Speed 20mm/sec 200mm/sec 800mm/sec 
<10% N=13 (5.23%±3.11) N=18 (5.76%±2.80) N=14 (7.04%±2.22) 
10-20% N=14 (14.13%±3.24) N=14 (14.61%±2.26) N=14 (14.03%±2.91) 
>20% N=9 (26.33%±4.57) N=7 (24.39%±3.5) N=15 (25.70%±2.67) 
Sham N=12 
Control N=12 
 
Table 4.3: Mean strain values at different channels at corresponding speeds 
Speed 20mm/sec 200mm/sec 800mm/sec 
RE1 9.56%±6.8 9.56%±7.23 12.72%±7.58 
RE2 18.43%±8.41% 15.14%±6.59 19.08%±7.54 
From the values mentioned in the above table 4.3, we can see that on average 
RE2 of 20mm/sec speed group strained higher than RE2 of 200mm/sec speed group. 
Also, from the table 4.2 we can see that for strains >20%, 20mm/sec strained more than 
200mm/sec. Thus, 20mm/sec speed group was able to strain to higher values 
compared to 200mm/sec. Further analysis of CAP amplitude, AUC, and CV is 
discussed below. 
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4.1 Amplitude- Peak-to-peak 
 
Figure 4.1: Mean % amplitude decrease within strain groups for different speeds. 
Figure 4.1 shows the % change in peak-to-peak amplitude of CAP over time in 
the three speed groups. At 20mm/sec, for strains <10%, only time points up to 60 min 
were significantly lower than 0 min recording. Time points at 120, 180, 240, 300, and 
360 min were not significantly different than 0 min reading, suggesting recovery. At 10-
20% strains, every time point was significantly lower than the 0 min reading except for 
120 min, suggesting injury and incomplete recovery. At >20% strains, every time point 
was significantly lower than the 0 min reading except for 120 min , suggesting injury and 
incomplete recovery.  
At 200mm/sec, for strains <10%, every time point showed significant difference 
with respect to 0 min recording, suggesting incomplete recovery. At 10-20% strains, 
every time point was significantly lower than the 0 min reading, and at >20% strains, 
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every time point except 240 and 300 min was significantly lower than the 0 min reading. 
Thus, suggesting injury and incomplete recovery.  
At 800mm/sec, for strains <10%, every time point showed significant difference 
with respect to 0 min recording, suggesting incomplete recovery. At 10-20% strains, 
every time point was significantly lower than the 0 min reading, and at >20% strains, 
every time point was significantly lower than the 0 min reading; thus, showing no 
recovery. 
 
Figure 4.2: Mean % amplitude decrease within the three strain groups. 
Figure 4.2 shows the % change in peak-to-peak amplitude of CAP over time 
when all the speed groups are combined. Overall, at strains <10%, strains 10-20%, and 
strains > 20%, every time point showed significant difference with respect to 0 min 
recording.  
Furthermore, compared to sham, at strains <10%, only time points up to 120 min 
were significantly lower than sham. Time points at 120, 180, 300, and 360 min were not 
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significantly different than sham, suggesting recovery. For strains of 10-20%, time 
points 180 and 300 min did not show any significant difference with respect to sham, 
suggesting partial recovery after 180 min. Points 240 and 360 min were significantly 
lower than sham; hence, did not show full recovery. At strains >20% all time points 
showed significant difference with respect to sham, suggesting no recovery. 
 
Figure 4.3: Mean % amplitude decrease within the speeds for different strain group. 
Figure 4.3 shows the % change in peak-to-peak amplitude of CAP over time in 
the three strain groups. At strains <10%, for 20mm/sec speed group, every time point 
was significantly lower than 0 min recording except 120, 180, 240, 300, and 360 min; 
thus, showing recovery after 120 min. At 200mm/sec, every time point was significantly 
lower than the 0 min reading, and at 800mm/sec, every time point was significantly 
lower than the 0 min reading; thus, suggesting partial recovery. 
At strains 10-20%, in 20mm/sec and 200mm/sec speed group, every time point 
showed significant difference with respect to 0 min recording; thus, showing partial 
recovery. At 800mm/sec, every time point was significantly lower than the 0 min 
reading, suggesting no recovery. 
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At strains >20% , for 20mm/sec, every time point except 120 min showed 
significant difference with respect to 0 min recording, and at 200mm/sec, every time 
point except 240 and 300 min was significantly lower than the 0 min reading , 
suggesting partial recovery. At 800mm/sec, every time point was significantly lower than 
the 0 min reading; thus, showing no recovery. 
 
Figure 4.4: Mean % amplitude decrease within the three speed groups 
Figure 4.4 shows the % change in peak-to-peak amplitude of CAP over time for 
the combined strain in the three speed groups Overall, for speed group 20mm/sec and 
200mm/sec, every time point showed significant difference with respect to 0 min 
recording, suggesting partial recovery. At 800mm/sec, every time point was significantly 
lower than the 0 min reading, suggesting no recovery.  
Furthermore, compared to sham, speed of 20mm/sec showed significant 
decrease in all time points except 120, 180, 240, 300, 360 min, suggesting recovery 
after 120 min. At 200mm/sec, time points 180, 240, 300, 360 min did not show any 
significant difference with respect to sham, suggesting recovery after 180 min. At 
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800mm/sec, all time points showed significant difference with respect to sham, 
suggesting no recovery. 
 
Figure 4.5: Mean % amplitude decrease at the two recording electrodes for different 
speeds.  
Figure 4.5 shows the % change in peak-to-peak amplitude of CAP over time at 
the two recording electrodes for the three speed groups. In the case of 20mm/sec, RE2 
values were not significantly lower than RE1. At 200mm/sec, none of the time points 
showed significant difference. At 800mm/sec, none of the time points were significantly 
different.  
 
Figure 4.6: Mean % decrease in the amplitude at the two recording electrodes. Overall, 
none of the time points were statistically different.  
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4.2 Amplitude- Baseline-to-peak 
 
Figure 4.7: Mean % amplitude decrease within strain groups for different speeds 
Figure 4.7 shows the % change in baseline-to-peak amplitude of CAP over time 
in the three speed groups. At 20mm/sec, for strains <10%, every time point was 
significantly lower than 0 min recording except 240 and 360 min. At 10-20% strains, 
every time point was significantly lower than the 0 min reading. At >20% strains, every 
time point was significantly lower than the 0 min reading except for 120, 180, 240, and 
360 min.  
At 200mm/sec, for strains <10%, every time point showed significant difference 
with respect to 0 min recording. At 10-20% strains, every time point was significantly 
lower than the 0 min reading except 360 min. At >20% strains, every time point except 
240 and 300 min was significantly lower than the 0 min reading. 
At 800mm/sec, for strains <10%, every time point showed significant difference 
with respect to 0 min recording except 240 and 360 min. At 10-20% strains, every time 
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point was significantly lower than the 0 min reading. For >20% strains, every time point 
was significantly lower than the 0 min reading. 
 
Figure 4.8: Mean % amplitude decrease within the three strain groups. 
Figure 4.8 shows the % change in baseline-to-peak amplitude of CAP over time 
when the three speed groups are combined. Overall, for strains <10%, every time point 
showed significant difference with respect to 0 min recording. For 10-20% strains, every 
time point was significantly lower than the 0 min reading. For >20% strains, every time 
point was significantly lower than the 0 min reading. 
Furthermore, compared to sham, strains <10% showed significant decrease in all 
time points except 60, 120, 180, 240, 300, and 360 min , suggesting recovery after 60 
min. At strains 10-20%, except time point 180 min all time points showed significant 
difference with respect to sham, and at strains >20% all time points showed significant 
difference with respect to sham, suggesting no  recovery. 
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Figure 4.9: Mean % amplitude decrease within the speeds for different strain group 
Figure 4.9 shows the % change in the baseline-to-peak amplitude of CAP over 
time in the three strain groups. At strains <10%, for 20mm/sec speed group, every time 
point was significantly lower than 0 min recording except 240 and 360 min. At 
200mm/sec, every time point was significantly lower than the 0 min reading. For 
800mm/sec, every time point was significantly lower than the 0 min reading except 240 
and 360 min.  
At strains 10-20%, for 20mm/sec speed group, every time point showed 
significant difference with respect to 0 min recording. At 200mm/sec, every time point 
was significantly lower than the 0 min reading except 360 min. At 800mm/sec, every 
time point was significantly lower than the 0 min reading. 
At strains >20% , for 20mm/sec speed group, every time point except 120, 180, 
240 and 360 min showed significant difference with respect to 0 min recording. At 
200mm/sec, every time point except 240, and 300 min were significantly lower than the 
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0 min reading, and at 800mm/sec, every time point was significantly lower than the 0 
min reading. 
 
Figure 4.10: Mean % amplitude decrease within the three speed groups 
Figure 4.10 shows the % change in the baseline-to-peak amplitude of CAP over 
time for the combined strain in the three speed groups Overall, for speed group 
20mm/sec, 200mm/sec, and 800mm/sec, every time point showed significant difference 
with respect to 0 min recording.  
Furthermore, compared to sham, speed 20mm/sec showed significant decrease 
in all time points except 120, 180, 240, 300, and 360 min, suggesting recovery after 2 
hours. At 200mm/sec, time points 180, 240, 300, and 360 min did not show any 
significant difference with respect to sham, suggesting recovery after 180 min. At 
800mm/sec, all time points showed significant difference with respect to sham, 
suggesting no recovery. 
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Figure 4.11: Mean % amplitude decrease at the two recording electrodes for different 
speeds.  
Figure 4.11 shows the % change in baseline-to-peak amplitude of CAP over time 
at the two recording electrodes for the three speed groups. In the case of 20mm/sec 
speed group, RE2 values were not significantly lower than RE1. At 200mm/sec and 
800mm/sec, none of the time points showed significant difference.  
 
Figure 4.12: Mean % decrease in the amplitude at the two recording electrodes. Overall, 
none of the time points were statistically different.  
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4.3 AUC- All Data Points 
 
Figure 4.13: Mean % AUC change within strain groups for different speeds 
Figure 4.13 shows the % change in AUC of CAP over time in the three speed 
groups. At 20mm/sec, for strains <10%, every time point was significantly lower than 0 
min recording except 120, 180, 240, 300, and 360 min. At 10-20% strains, every time 
point was significantly lower than the 0 min reading except 180 min. At >20% strains, 
every time point was significantly lower than the 0 min reading.  
At 200mm/sec, for strains <10%, every time point showed significant difference 
with respect to 0 min recording except 15 and 240 min. At 10-20% strains, every time 
point was significantly lower than the 0 min reading except 15, 30, and 60 min. At >20% 
strains, every time point was significantly lower than the 0 min reading. 
At 800mm/sec, for strains <10%, none of the time point showed significant 
difference with respect to 0 min recording. For 10-20% strains, none of the time points 
were significantly lower than the 0 min reading except 360 min. For >20% strains, every 
time point was significantly lower than the 0 min reading. 
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Figure 4.14: Mean % AUC change within the three strain groups. 
Figure 4.14 shows the % change in AUC of CAP over time when all the speed 
groups are combined. Overall, for strains <10%, every time point showed significant 
difference with respect to 0 min recording except 120, 180, 240, 300 and 360 min. For 
10-20% strains, every time point was significantly lower than the 0 min reading. For 
>20% strains, every time point was significantly lower than the 0 min reading. 
Furthermore, compared to sham, strains <10% and strains 10-20% did not show 
any significant decrease in all time points, suggesting no injury. For strains >20%, all 
time points showed significant difference with respect to sham, suggesting injury and no 
recovery. 
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Figure 4.15: Mean % AUC change within the speeds for different strain group 
Figure 4.15 shows the % change in AUC of CAP over time in the three strain 
groups. At strains <10%, for 20mm/sec, every time point was significantly lower than 0 
min recording except 120, 180, 240, 300 and 360 min. At 200mm/sec, every time point 
was significantly lower than the 0 min reading except 15, 60 and 240 min. At 
800mm/sec, none of the time points were significantly lower than the 0 min reading.  
At strains 10-20%, for 20mm/sec, every time point showed significant difference 
with respect to 0 min recording except 180 min. At 200mm/sec, every time point was 
significantly lower than the 0 min reading except 15, 30, and 60 min. At 800mm/sec, 
none of the time points were significantly lower than the 0 min reading except 360 min. 
At strains >20%, for 20mm/sec, 200mm/sec, and 800mm/sec group, every time 
point showed significant difference with respect to 0 min recording.  
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Figure 4.16: Mean % AUC change within the three speed groups. 
 Figure 4.16 shows the % change in AUC of CAP over time for the combined 
strains in the three speed groups. Overall, for speed group 20mm/sec, 200mm/sec, and 
800mm/sec, every time point was significantly lower than the 0 min reading.  
Furthermore, compared to sham, speed 20mm/sec showed significant difference 
in all time points except 120, 180, 240, 300, and 360 min suggesting recovery after 120 
min. For speed group 200mm/sec, none of the time points showed any significant 
difference with respect to sham, suggesting no injury. For speed group 800mm/sec, all 
time points showed significant difference with respect to sham except 120, 180, 240, 
300, and 360 min, suggesting recovery after 120 min. 
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Figure 4.17: Mean % AUC decrease at the two recording electrodes for different 
speeds.  
Figure 4.5 shows the % change in AUC of CAP over time at the two recording 
electrodes for the three speed groups. In the case of 20mm/sec, RE2 values were not 
significantly lower than RE1. At 200mm/sec, none of the time points showed significant 
difference. At 800mm/sec, all of the time points were significantly different, suggesting 
the channel effect.  
 
Figure 4.18: Mean % decrease in the AUC at the two recording electrodes. Overall, 
none of the time points were statistically different except 300 and 360 min 
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4.4 Time Dilation 
 
Figure 4.19: Time duration values of CAP waveform for all the data points showing 
greater than 30% increase in AUC 
Figure 4.19 shows that most of the cases of positive increase in percentage 
change of AUC also showed positive increase in the percentage change of time 
duration but the linear relationship between the two was very weak. 
Table 4.4: Total number of data points in each speed group for the above figure 4.19 of 
time duration vs % AUC change. Value in the parenthesis indicates the average AUC % 
increase. 
Sham 20mm/sec 200mm/sec 800mm/sec 
N=7(47.81%) N=29 (86.38%) N=28(58.52%) N=51(102.76%) 
In the above table 4.3, the number in the bracket gives us the mean percentage 
increase in the AUC for that group. 800mm/sec and 20mm/sec had the highest increase 
in the percentage increase of AUC. They also had the highest and second highest 
number of reported cases respectively. 
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4.5 AUC- Cutoff is 46% Increase in %AUC 
 
Figure 4.20: Mean % AUC change within strain groups for different speeds 
Figure 4.20 shows the % change in AUC of CAP over time in the three speed 
groups. At 20mm/sec, for strains <10%, strains 10-20%, and strains >20%, every time 
point was significantly lower than 0 min recording. At 200mm/sec, for strains <10%, 
strains 10-20%, and strains >20%, every time point was significantly lower than 0 min 
recording. At 800mm/sec, for strains <10%, strains 10-20%, and strains >20%, every 
time point was significantly lower than 0 min recording. 
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Figure 4.21: Mean % AUC decrease within the three strain groups. 
Figure 4.21 shows the % change in AUC of CAP over time when all the speed 
groups are combined. Overall, for strains <10%, strains 10-20%, and strains >20%, 
every time point was significantly lower than 0 min recording. 
Furthermore, compared to sham, strains <10% showed significant decrease with 
respect to sham in all time points except 60, 120, 180, 300, min, suggesting partial 
recovery after 60 min. For strains of 10-20%, time points 120, 180, and 300 min did not 
show any significant difference with respect to sham, suggesting only partial recovery 
and not complete recovery after 120 min. For strains >20% all time points showed 
significant difference with respect to sham, suggesting no recovery. 
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Figure 4.22: Mean % AUC change within the speeds for different strain group 
Figure 4.22 shows the % change in AUC of CAP over time in the three strain 
groups At strains <10%, in 20mm/sec, 200mm/sec, and 800mm/sec speed groups, 
every time point showed significant difference with respect to 0 min recording. At strains 
10-20%, for 20mm/sec, 200mm/sec, and 800mm/sec speed groups, every time point 
showed significant difference with respect to 0 min recording. At strains >20%, for 
20mm/sec, 200mm/sec, and 800mm/sec speed groups, every time point showed 
significant difference with respect to 0 min recording. 
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Figure 4.23: Mean % AUC change within the three speed groups 
Figure 4.23 shows the % change in AUC of CAP over time for the combined 
strain in the three speed groups Overall, for speed group 20mm/sec, 200mm/sec, and 
800mm/sec, every time point showed significant difference with respect to 0 min 
recording. 
Furthermore, compared to sham, speed group 20mm/sec showed significant 
decrease in all time points except 60, 120, 180, 300, and 360 min, suggesting recovery 
after 60 min. At speed 200mm/sec, time points 30, 60, 120, 180, 300, 360 min did not 
show any significant difference with respect to sham, suggesting recovery after 30 min. 
At speed 800mm/sec, all the time points showed significant difference with respect to 
sham, suggesting no recovery. 
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Figure 4.24: Mean % AUC decrease at the two recording electrodes for different 
speeds.  
Figure 4.24 shows the % change in AUC of CAP over time at the two recording 
electrodes for the three speed groups. In the case of 20mm/sec speed group, RE2 
values were not significantly lower than RE1. At 200mm/sec, none of the time points 
showed significant difference. At 800mm/sec, none of the time points were significantly 
different.   
 
Figure 4.25: Mean % decrease in AUC at the two recording electrodes. Overall, none of 
the time points were statistically different except 300 and 360 min. 
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4.6 AUC- Only Decrease 
 
Figure 4.26: Mean % AUC decrease within strain groups for different speeds 
Figure 4.26 shows the % decrease in the AUC of CAP over time in the three 
speed groups. At 20mm/sec, for strains <10%, strains 10-20%, and strains >20%, every 
time point was significantly lower than 0 min recording. At 200mm/sec, for strains <10%, 
strains 10-20%, and strains >20%, every time point was significantly lower than 0 min 
recording. At 800mm/sec, for strains <10%, strains 10-20%, and strains >20%, every 
time point was significantly lower than 0 min recording.  
76 
 
 
 
Figure 4.27: Mean % AUC decrease within the three strain groups. 
Figure 4.27 shows the % decrease in the AUC of CAP over time when all the 
speed groups are combined. Overall, for strains <10%, strains 10-20%, and strains 
>20%, every time point showed significant difference with respect to 0 min recording. 
Furthermore, compared to sham, strains <10% showed significant decrease in all 
time points except 30, 60, 120, 180, 240, 300, and 360 min , suggesting recovery after 
30 min. For strains 10-20%, time points 60, 180, 240, 300, and 360 min did not show 
any significant difference with respect to sham, suggesting recovery after 60 min. For 
strains >20%, all time points showed significant difference with respect to sham, 
suggesting no recovery. 
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Figure 4.28: Mean % AUC decrease within the speeds for different strain group 
Figure 4.28 shows the % decrease in the AUC of CAP over time in the three 
strain groups. At strains <10%, for 20mm/sec, 200mm/sec, and 800mm/sec speed 
group, every time point was significantly lower than 0 min recording. At strains 10-20%, 
for 20mm/sec, 200mm/sec, and 800mm/sec speed group, every time point was 
significantly lower than 0 min recording. At strains >20%, for 20mm/sec, 200mm/sec, 
and 800mm/sec speed group, every time point was significantly lower than 0 min 
recording. 
 
 
78 
 
 
 
Figure 4.29: Mean % AUC decrease within the three speed groups 
Figure 4.29 shows the % decrease in the AUC of CAP over time for the 
combined strain in the three speed groups Overall, for speed group 20mm/sec, 
200mm/sec, and 800mm/sec, every time point showed significant difference with 
respect to 0 min recording. 
Furthermore, compared to sham, speed group 20mm/sec showed significant 
decrease in all time points except 30, 60, 120, 180, 240, 300, and 360 min, suggesting 
recovery after 30 min. At 200mm/sec, time points 30, 60, 120, 180, 240, 300, 360 min 
did not show any significant difference with respect to sham, suggesting recovery after 
30 min. At speed 800mm/sec, all time points showed significant difference with respect 
to sham, suggesting no recovery. 
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Figure 4.30: Mean % AUC decrease at the two recording electrodes for different 
speeds.  
Figure 4.30 shows the % change in AUC of CAP over time at the two recording 
electrodes for the three speed groups. For 20mm/sec, 200mm/sec, and 800mm/sec 
speed group, RE2 values were not significantly lower than RE1.  
 
Figure 4.31: Mean % decrease in the AUC at the two recording electrodes. Overall, 
none of the time points were statistically different. 
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4.7 Conduction Velocity (CV) 
 
Figure 4.32: Mean %CV change within strain groups for different speeds 
Figure 4.32 shows the % change in CV of CAP over time in the three speed 
groups. At 20mm/sec, for strains <10%, every time point was significantly lower than 0 
min recording except 180, 240, and 300 min. For 10-20% strains, every time point was 
significantly lower than the 0 min reading except 120, 180, 240, 300, and 360 min. For 
>20% strains, every time point was significantly lower than the 0 min reading except 30, 
60, 120, 180, 240, and 300 min. 
At 200mm/sec, for strains <10%, none of the time points showed significant 
difference with respect to 0 min recording. For 10-20% strains, every time point was 
significantly lower than the 0 min reading except 15 and 30 min. For >20% strains, none 
of the time points were significantly lower than the 0 min reading. 
At 800mm/sec, for strains <10%, every time point showed significant difference 
with respect to 0 min recording. For 10-20% strains, every time point was significantly 
lower than the 0 min reading except 15, 120, 180, 240, 300, and 360 min. For >20% 
strains, every time point was significantly lower than the 0 min reading. 
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Figure 4.33: Mean % CV change within the three strain groups. 
Figure 4.33 shows the % change in CV of CAP over time when all the speed 
groups are combined. Overall, for strains <10%, strains 10-20%, and strains >20% 
every time point showed significant difference with respect to 0 min recording. 
Furthermore, compared to sham, strains <10% showed significant decrease in all 
time points except 60, 120, 180, 240, 300, 360 min, suggesting recovery after 60 min. 
For strains 10-20%, time points 180, 240, 300, and 360 min did not show any significant 
difference with respect to sham, suggesting recovery after 180 min. For strains >20% all 
time points showed significant difference with respect to sham except 180 min, 
suggesting partial to no recovery. 
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Figure 4.34: Mean % CV change within the speeds for different strain group 
Figure 4.34 shows the % change in CV of CAP over time in the three strain 
groups. At strains <10%, for 20mm/sec speed group, every time point was significantly 
lower than 0 min recording except 180, 240, and 300 min. At 200mm/sec, every time 
point was significantly lower than the 0 min reading except 120, 180, 240, 300, and 360 
min. At 800mm/sec, every time point was significantly lower than the 0 min reading.  
At strains 10-20%, for 20mm/sec speed group, every time point showed 
significant difference with respect to 0 min recording except 120, 180, 240, 300, and 
360 min. At 200mm/sec, every time point was significantly lower than the 0 min reading 
except 15 and 30 min. At 800mm/sec, every time point was significantly lower than the 
0 min reading except 120, 180, 240, 300, and 360 min. 
At strains >20%, for 20mm/sec and 200mm/sec speed group, none of the time 
point showed significant difference with respect to 0 min recording. At 800mm/sec, 
every time point was significantly lower than the 0 min reading. 
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Figure 4.35: Mean % CV change within the three speed groups 
Figure 4.35 shows the % change in CV of CAP over time for the combined strain 
in the three speed groups Overall, for speed group 20mm/sec, 200mm/sec, and 
800mm/sec, every time point showed significant difference with respect to 0 min 
recording. 
Furthermore, compared to sham, speed group 20mm/sec showed significant 
decrease in all time points except 120, 180, 240, 300, and 360 min, suggesting recovery 
after 120 min. At 200mm/sec, time points 60, 120, 180, 240, 300, and 360 min did not 
show any significant difference with respect to sham , suggesting recovery after 60 min. 
At speed 800mm/sec, all time points showed significant difference with respect to sham 
except 360 min, suggesting partial recovery to no recovery. 
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Figure 4.36: Mean % CV change at the two recording electrodes for different speeds.  
Figure 4.36 shows the % change in CV of CAP over time at the two recording 
electrodes for the three speed groups. In the case of 20mm/sec speed group, RE2 
values were not significantly lower than RE1. For 200mm/sec and 800mm/sec speed 
group, none of the time points showed significant difference.  
 
Figure 4.37: Mean % decrease in the CV at the two recording electrodes. Overall, none 
of the time points were statistically different. 
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4.8 Relationship between Strain and Functional Injury 
 
 
Figure 4.38:  Amplitude, AUC, and CV changes with respect to average strain for 
20mm/sec at 15 min time point 
 
Figure 4.38 shows that there is a trend towards a decrease in the peak-to-peak 
amplitude, area under the curve (AUC), and conduction velocity (CV) of CAP as the 
strain increases for the 20mm/sec speed group. The correlations are weak, however. 
 
 
Figure 4.39:  Amplitude, AUC, and CV changes with respect to average strain for 
200mm/sec at 15 min time point. 
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Figure 4.39 shows that there is a trend towards a decrease in the peak-to-peak 
amplitude, area under the curve (AUC), and conduction velocity (CV) of CAP as the 
strain increases for the 200mm/sec speed group. The correlations are weak, however. 
 
 
Figure 4.40:  Amplitude, AUC, and CV changes with respect to average strain for 
800mm/sec at 15 min time point 
 
Figure 4.40 show that there is a trend towards a decrease in the peak-to-peak 
amplitude, area under the curve (AUC) of CAP as the strain increases for the 
800mm/sec speed group. The correlations are weak, however. 
Though the absolute value of conduction velocity is lower than the 0 min reading, 
it seems to show an increasing trend when viewed linearly but it also shows a parabolic 
trend with an increase up to 10% strain and then a decrease thereafter.  
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4.9 Summary of Recovery Based on Peak-to-Peak Amplitude 
 The below given figures provide a summary of recovery in peak-to-peak 
amplitude with respect to 0 min reading and sham. From figure 4.41, only 20mm/sec 
group with <10% strains showed recovery after 120 min whereas all other speeds and 
strains showed only partial or no recovery 
 
Figure 4.41:  Recovery in amplitude peak-to-peak w.r.t 0 min reading 
 The below mentioned figure showed recovery in groups 20mm/sec and 
200mm/sec at <10%. At 200mm/sec, strains greater than 10% only showed partial 
recovery. Strains 10-20% for 20mm/sec group showed partial recovery whereas >20% 
strains showed partial recovery. At 800mm/sec, only <10% showed partial recovery 
whereas higher strains showed no recovery. 
 
Figure 4.42:  Recovery in amplitude peak-to-peak w.r.t sham 
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CHAPTER 5 
Discussion 
In this research project, a series of experiments were conducted to observe and 
analyze the impact of tensile loading at different strains and strain rates on the 
functional deficits in neuronal axonal tissue, more specifically on the spinal nerve root. 
These techniques allowed more thorough investigation of damage and the examination 
of the restoration process that transpires in an actual nerve root injury. This study is first 
of its kind to measure functional deficits at higher strain rates in spinal nerve roots and 
also monitor them post stretch for 6 hours. Different magnitudes of strain (<10%, 10-
20%, >20%) at varying degrees of speed (20mm/sec, 200mm/sec, 800mm/sec) were 
applied to the rat lumbar nerve root. Subsequently, the amplitude, AUC, duration, and 
CV of the CAP were measured and compared to 0 min reading and sham. Comparison 
with respect to sham was done to negate any effects due to injury caused by surgery 
and experimental setup. Moreover, recovery was also determined with respect to sham. 
. Earlier studies done by Singh et al focused on the functional deficits at 
0.1mm/sec, 1mm/sec, and 15mm/sec strain rate at various strain values. It was 
observed that as the strain rate increases, there was also an increased loss in 
conduction velocity, amplitude, and area under the cure of the compound action 
potential. The study even showed a linear trend between the applied strain and the 
functional deficit but only at the lowest strain rate of 0.1mm/sec. The higher strain rates 
of 1mm/sec and 15mm/sec did not show such strong linear trends. Moreover, this study 
did not monitor post-stretch nerve conduction over time and could not comment on the 
recovery nature of the spinal nerve root after stretch (Singh et al., 2009). 
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In other studies done by Shi et al on white matter strips from the spinal cord, a 
decrease in the amplitude of compound action potential was found as severity of stretch 
was increased i.e. strain. Recordings were done only up to 30 minutes post stretch at 5 
minute intervals. This study is a good example for understanding the patho-mechanisms 
of axonal injury but did not mention any correlation between the strain rates and the 
functional deficits, especially higher strain rates. Also, the post stretch recording was 
done only up to 30 min (Shi & Pryor, 2002). 
A study done by Bain et al on myelinated CNS optic nerve of the guinea pig also 
showed a linear increase in functional deficit at a stretch speed of 0.5m/sec. A stretch of 
6mm showed twice the deficit in conduction velocity (latency) of visually evoked action 
potential as compared to stretch of 3mm, i.e. 50% loss in CV. It was observed that lower 
strains showed recovery whereas high strains imparted permanent functional 
impairment. The threshold strain for optic nerve recovery was 18% (Bain & Meaney, 
1999, 2000; Bain, Raghupathi, & Meaney, 2001).  
Another study done by Galbraith et al on giant squid axon also showed similar 
results. In this study functional injury measured in terms of resting membrane potential 
was correlated to increase in loading rate of the tensile force. Loading rate of 
0.284mm/sec with a strain of 19% showed recovery in resting membrane potential after 
a slight hyperpolarization as the load was removed whereas when the loading rate was 
increased to 275mm/sec, with 20% strain, axon depolarized and the resting membrane 
potential took 30 minutes to recover to 94% of its initial value. Moreover, it was 
observed that the recovery and injury (depolarization) was non-linear as the loading rate 
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increased. It was also reported that a stretch above 20% strain never recovered to its 
resting membrane potential value. (Galbraith, Thibault, & Matteson, 1993). 
A study done by Driscoll et al on rabbit sciatic nerve also showed functional 
deficit in the conduction velocity at higher strain. There was a 66% decrease in the 
conduction velocity at strain of 16.1% as observed to no change in the 8.8% strain 
group. Visco-elastic behavior of the sciatic nerve was also assessed by studying creep 
(gradual elongation under stress) and stress relaxation (lowering in tension at sustained 
displacement). Both the strains had comparable relaxation. Furthermore, the nerve 
blood flow was reduced about the same value in both strain groups when in traction. 
However, when released, the lower strain had an increase in blood flow (151%) 
compared to decrease in blood flow at higher strain (50%).  Due to marked lack of 
correlation between blood flow and functional deficit, it was proposed that ischemia 
cannot be constituted as the only reason for the loss in conduction velocity. This study 
did not report findings related to strain rate (Driscoll et al., 2002). 
Kwan et al studied the rabbit tibial nerve under two strain conditions (6% and 
12%) and two stress conditions (1MPa and 1.75 MPa). Nerves were stretched for an 
hour at a strain rate of 5%/min and then allowed it to relax for an hour. During the strain 
experiments, after an hour, amplitude of CAP dropped 60% in the 6% strain group 
whereas complete conduction block was observed in the 12% strain group. In the 
recovery phase, 6% strain recovered completely whereas 12% strain could only recover 
58%. The strain rate during this experiment was not reported. A similar phenomenon 
was observed during the stress experiments. Under 1MPa stress the nerve reached 
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total loss in conduction within 45 minutes whereas under 1.75MPa stress it took the 
nerve 30 minutes for complete conduction block. Even though in both the conditions 
conduction block was reached, nerves under 1MPa stress could recover completely 
whereas the nerve under 1.75MPa only recovered 20% (M. K. Kwan et al., 1992). This 
study also does not report strain rate effects on the functional changes. 
In the current study, for peak-to-peak amplitude, when understanding effect of 
strain, it was observed that for any speed (figure 4.1), 20mm/sec, 200mm/sec or 
800mm/sec, <10% strain showed the minimal drop in CAP amplitude whereas >20% 
strain showed the maximum drop with 10-20% group showing intermittent drop. This 
follows the hypothesis that as strain increases the functional injury should also increase. 
Also from figure 4.1 it can be deduced that for the 20mm/sec and <10% group there 
was a total functional recovery with respect to 0 min reading after 120 minutes whereas 
other groups did not show such trend. When looking at figure 4.2, which combined all 
the speeds together to examine the overall strain effect, it can be construed that after 60 
minutes, strain <10% showed recovery with respect to sham whereas strain 10-20% 
showed recovery after 120 minutes. In case of >20% strain, incomplete recovery with 
respect to sham was observed. These findings indicate that decrease in CAP amplitude 
is strain dependent and functional recovery is also strain dependent with the lower 
strain group being injured the least and recovering the most. From studies done by 
Singh et al, the drop after 10 minutes post stretch in peak CAP amplitude at 15mm/sec 
and strain <10% was 85.6±10.73%. Also, for strain 10-20% group this value was 
93.5±6.21% (Singh et al., 2009). The current study has values 35.0±8.57% and 
45.5±10.70 at 15 minute time point for 20mm/sec respectively. These values are lower 
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than those reported by Singh et al. This could be due to some recovery between the 
time of stretch and 15 minute post stretch. 
Table 5.1: % Decrease in peak-to-peak amplitude ± standard error at 15 minute time point 
compared to Singh et al 
 Amplitude: peak-to-peak  
Studies Singh et al Current study 
 15mm/sec 20mm/sec 200mm/sec 800mm/sec 
<10% 85.6±10.73 35.0±8.57 27.9±8.42 55.6±9.18 
10-20% 93.5±6.21 45.5±10.70 31.1±11.36 57.0±11.91 
>20% CB 52.0±12.49 39.2±9.21 76.6±7.76 
 
When analyzing the displacement rate (strain rate) effect, at any strain from 
figure 4.3, it was determined that 800mm/sec showed the highest drop in peak-to-peak 
amplitude. 20mm/sec showed the second highest drop and 200mm/sec showed the 
least drop. The reverse trend between 20mm/sec and 200mm/sec could be explained 
by the visco-elastic nature of the nerve root. Previous studies done by Sunderland et al 
have shown that nerve roots tend to stretch more when load is applied slowly as 
compared to when load is applied rapidly (Sunderland & Bradley, 1961). This fact is 
also observed by the current study when we look at table 4.1 and 4.2. 20mm/sec group 
has an average strain of 18.43% in RE2 compared to 15.14% for the 200mm/sec group 
respectively. A study done by Marani et al also reported that when the brachial plexus 
nerves were pulled at 10mm/sec and 20mm/sec, they could stretch to 1/3 of their initial 
length but when pulled at 500mm/sec, these nerves started rupturing before they could 
even reach 1/30 of their initial length (Marani, van Leeuwen, & Spoor, 1993). This trend 
was observed in the current study as well. As seen in appendix A, the 20mm/sec group 
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has a higher percentage of non-ruptured roots with higher strains (5 ruptured) compared 
to the 200mm/sec group (9 ruptured). Furthermore, the 800mm/sec had 17 ruptured 
roots. 
Studies done on peripheral nerves by Oldfors et al and Waggener et al have 
shown that injury could occur either due to mechanical deformation of the structures 
such as microfilament, microtubules, intermediate filament, cell membrane, blood 
vessels, collagen etc..(Levine & MacKintosh, 2002) that provide the visco-elastic 
properties to the nerve or it could be due to the disruption of these structures and their 
cellular mechanisms. The threshold strain to maintaining the structural integrity of these 
structures was 27%. Adding stress of 15% of ultimate stress could cause permanent 
damage (Oldfors, 1981; Waggener, Bunn, & Beggs, 1965). Bain et al have also shown 
in their study of optic nerve that a smaller amount of stretch (5.5mm) was needed to 
illicit a neurophysiological change whereas more stretch was needed to illicit a 
morphological change (6.8mm). Also, latency(CV) was higher in the nerve that exhibited 
morphological changes compared to the one that did not (Bain et al., 2001). 
In the current study perhaps the 20mm/sec and 200mm/sec groups responded 
based on the two different patho-mechanism of injury. At 20mm/sec and lower strain 
rates, the tissue may be yielding and deforming whereas at 200mm/sec and higher 
strain rates it may result in disruption because of the viscoelastic nature of the tissue. 
The 20mm/sec group may have had higher stain due to mechanical deformation and 
hence showed a higher drop of CAP amplitude at 15 minute time point whereas 
200mm/sec strained less due to structural disruption and hence showed a lower drop at 
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15 minutes. On the other hand, the 20mm/sec <10% strain group, recovered with 
respect to 0 min reading after 2 hours (figure 4.3) whereas the 200mm/sec group 
showed only partial recovery with respect to 0 min reading, indicating that deformation 
is reversible (M. K. Kwan et al., 1992) but disruption may not be. Similarly as the strain 
increased to 10-20% and >20%, only 20mm/sec and 200mm/sec group showed partial 
recovery while 800mm/sec group showed no recovery with respect to 0 min reading 
(figure 4.3). These trends are in accord with studies done by (M. K. Kwan et al., 1992). 
Further investigation would be needed at cellular and subcellular levels to verify the 
above-mentioned hypothesis on the patho-mechasims of traumatic axonal injury at 
different strain rates.  
Figure 4.4 gives the overall effect of displacement rate on the CAP amplitude 
drop. As observed before, 20mm/sec group drops more than the 200mm/sec group at 
15 minute time point but recovers in 2hours (when compared to sham). The 200mm/sec 
group took a longer time to recover whereas the 800mm/sec group did not recover at all 
with respect to sham. These trends are in accord with the previous studies discussed 
above. 
When analyzing the effect of channel on peak-to-peak CAP amplitude changes, it 
was hypothesized that RE 2 will have a higher deficit compared to RE 1 as RE 2 is 
recorded at the first segment of the pulled end (proximal) and RE 1 is recorded at the 
last segment (DRG end). This was partially proven in this study. Although from figure 
4.5, in 20mm/sec, 200mm/sec, and 800mm/sec groups the average values at RE2 were 
always lower than the average values at RE1, there is no statistical difference between 
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the two channels. The 800mm/sec speed group has larger differences in the Cap 
amplitude between the channels compared to 20mm/sec and 200mm/sec. This trend 
was expected as 800mm/sec has many ruptured roots causing both deformation and 
disruption type injuries. This is in accord with our hypothesis that higher strain rates can 
cause more injury with less recovery.  
In the second method of measuring amplitude: from baseline of the compound 
action potential to the maximum peak, only considered the positive or negative peak 
was considered and followed throughout the 6 hour post stretch period. Though the 
data shows almost similar trends in the drop of amplitude as seen in peak-to-peak 
amplitude measurements, it did not take into account all the possible patho-
mechanisms that could be in play when the nerve is injured. Each peak of the bi-phasic 
waveform (figure 2.9) is obtained from the electrode’s polarity difference with respect to 
the adjacent electrode. Both the electrodes in the bipolar setup record membrane 
potential changes with respect to each other; hence, the pathological changes occurring 
at one electrode effects the other electrode and vice versa. Therefore, it is important to 
consider each peak obtained from both the electrodes to confidently comment on the 
neurophysiological behavior as a whole at that recording point. 
As discussed above, in the baseline-to-peak amplitude of CAP for all speeds 
combined (figure 4.8), less than <10% strain and 10-20% strain group showed almost 
equal drop but only <10% strain showed recovery after 1 hour when compared to sham. 
The >20% strain group showed the maximum drop in the amplitude as hypothesized 
and did not show any recovery with respect to sham. When looking at the effect of 
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speed (figure 4.9), 800mm/sec group showed the maximum drop in amplitude at all 
strain group. It showed a little recovery in <10% but at 10-20% and > 20% strains, the 
deficit kept increasing as time progressed. Speed group 20mm/sec showed more drop 
compared to 200mm/sec at 15 minute time point but recovered more than 200mm/sec. 
This finding may be explained by the above mentioned concept of visco-elastic material 
properties, deformation and disruption. In figure 4.10, the 20mm/sec group showed 
recovery after 2 hours whereas the 200mm/sec group showed recovery after 3 hours 
with respect to sham. On the contrary the 800mm/sec group dropped the maximum and 
showed no sign of recovery. Below mentioned table 5.2 gives us the comparison 
between peak CAP amplitude values obtained by (Singh et al., 2009) after 10 min post 
stretch and baseline-to-peak amplitude of CAP obtained in the current study. These 
values are lower than those reported by Singh et al. This could be due to some recovery 
between stretch and 15 minute post stretch. 
Table 5.2: % Decrease in base-to-peak amplitude ± standard error at 15 minute time point 
compared to Singh et al. As strain increased functional deficit increased in all speed groups 
except *. 
 Amplitude: baseline-to-peak 
Studies Singh et al Current study 
 15mm/sec 20mm/sec 200mm/sec 800mm/sec 
<10% 85.6±10.73 38.4±8.56 32.9±8.87 62.7±12.12 
10-20% 93.5±6.21 49.6±8.34 32.5±10.87* 53.5±13.66* 
>20% CB 42.5±11.68* 52.7±10.13 75.9±8.05 
 
For the effect of channel, the data follows the trend observed in peak-to-peak 
CAP amplitude analysis. RE2 values of % change in amplitude are always less than 
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RE1 values for 20mm/sec, 200mm/sec and 800mm/sec group, with a large difference in 
the case of 800mm/sec group. 
Another indication of functional deficit studied in this project was area under the 
curve (AUC) of the evoked compound action potential (CAP). Three types of analysis 
included: first, all data points considered i.e. increase and decrease in AUC; second, cut 
off is 46% increase in AUC; third, data points that show only decrease in AUC. The 
division was made to try to minimize the confounding factor of time dilation in the 
analysis of AUC where AUC can increases due time dilation in the CAP waveform (CAP 
broadening). The initial hypothesis was that AUC of CAP would decrease when strain 
and strain rate increased. In other words, AUC would decrease with increase in injury. 
This hypothesis was formulated based on the results from studies done by Singh et al. It 
was reported that as strains and strain rates increased, AUC of CAP decreased, 
indicating functional injury (Singh et al., 2009). 
The confounding factor of time dilation in the CAP waveform could be explained 
due to the blockage of potassium channels. There are two types of potassium channels 
on the myelinated axonal cell membrane; nodal and paranodal. Nodal channels 
constitute the ones at node of ranvier and paranodal channels are under the myelin 
sheath. These paranodal channels are uncovered due to perturbation of myelin sheath 
under strain (Eng, Gordon, Kocsis, & Waxman, 1988). Mechanical stretch studies done 
by Shi et al on the white matter strips from adult guinea pig have shown that potassium 
channel blocker 4-AP( 4-aminopyridine) improve conduction of CAP in injured axons 
and increases its amplitude. It has been postulated that these injury-induced fast acting 
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potassium channel short circuit the conduction of action potential; hence, indicating 
functional deficit. They also reported increase in the absolute refractory period of CAP 
from 0.4ms at pre-injury to 0.6ms post-injury (Shi & Pryor, 2002). 
Studies done by Fehling et al have also shown the exposure of these paranodal 
potassium channels after injury. A compressive force (2g) was applied on the dorsal 
column of thoracic spinal cord and conduction velocity (latency), amplitude, and 
refractory period of CAP was recorded until 2 hours. It was observed that after injury, 
amplitude of compound action potential decreased by 76.9% whereas latency increased 
by 112.5%. These results are in accord with the current hypothesis of reduction in 
functional responses after injury. Furthermore, they observed that there was a 
broadening of compound action potential and delay in its repolarization after application 
of 4-AP (potassium channel blocker), suggesting exposure of paranodal potassium 
channels after disruption of myelin (Fehlings & Nashmi, 1997). 
From the studies done by (Eng et al., 1988; Fehlings & Nashmi, 1997; Shi & 
Pryor, 2002) it is understood that stretch caused disruption of myelin and exposed 
paranodal potassium channels. Furthermore, blockage or malfunction of these channels 
can cause CAP broadening. In the current study we observe CAP broadening. This 
could be attributed to the blockage or malfunction of these potassium channel causing 
increased refractory period and hyperpolarization. Furthermore, it has been proposed 
that injury causes influx of calcium ions from the extracellular matrix to inside the cell. It 
has been observed that in some cases where calcium ions are deficient in extracellular 
matrix, the sodium gates do not close completely making membrane leaky to sodium 
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ions. This can cause action potential to remain longer in the depolarized state. Also 
when calcium concentration inside the cell increases, the permeability of potassium ions 
decreases, causing delay in the repolarization process and hence broadening the action 
potential (C.Guyton, 2002).  
This broadening increases the area under the curve of the compound action 
potential. This undermines our current hypothesis that only decreases in AUC are an 
indication of functional deficit. Furthermore, in the current study from table 4.4 and 
figure 4.19, we can see that 800mm/sec and 20mm/sec groups had the highest 
(102.76%) and second highest (86.38%) increase in AUC respectively. Considering the 
new hypothesis of CAP broadening and consequent increase in AUC as sign of injury, 
800mm/sec should show the maximum functional deficit and 20mm/second should 
show the second maximum deficit. From the previous analysis of peak-to-peak and 
baseline-to-peak amplitudes it was observed that 800mm/sec showed the highest drop 
at 15 minute, and 20mm/sec showed the second highest drop. These findings are in 
accord with our CAP broadening hypothesis; hence, our earlier visco-elastic and 
deformation-disruption theory holds true for the case of CAP broadening theory. There 
are two simultaneous contradicting hypotheses; one is increase in AUC due broadening 
in CAP as indication of axonal injury and the other is decrease in AUC as an indication 
of injury. The data in this study indicates both have a role but more research needs to 
be done as to which is more important under certain circumstances. The patho-
mechanisms of injury at cellular and subcellular levels may differ for low and high strain 
rates.  
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Figure 4.13 shows the strain effect on AUC (all points considered) within each 
speed group. The <10% strain group has shown the smallest drop whereas the >20% 
strain group has shown the highest drop at 15 minute time point in all the speed groups. 
Previous studies done by Singh et al has shown that at 10min time point for 15mm/sec 
speed group at <10% strain, the percentage drop in AUC of CAP was 81.6±9.52 
whereas for 10-20% strain it was 98.5±1.41 (Singh et al., 2009). Current study showed 
a drop in AUC (all points considered) of 40.0±8.17 and 57.8±8.94 at <10% and 10-20% 
strain at 15 minute time point respectively. These values are lower than those reported 
by Singh et al. This could be due to some recovery between stretch and 15 minute post 
stretch. 
Table 5.3: % Decrease in AUC ± standard error when all data points considered at 15 minute 
time point compared to Singh et al. As strain increased functional deficit increased in all speed 
groups except *. 
AUC- All points 
Studies Singh et al Current study 
 15mm/sec 20mm/sec 200mm/sec 800mm/sec 
<10% 81.6±9.52 40.0±8.17 21.6±11.75 34.5±16.38 
10-20% 98.5±1.41 57.8±8.94 26.3±17.87 30.8±23.24* 
>20% CB 60.9±10.59 55.8±12.76 72.9±9.11 
When looking at figure 4.14 to find overall effect of strain, > 20% strain group 
showed significant difference in % decrease in AUC (all points considered) compared to 
sham at all-time points, indicating injury, whereas <10% and 10-20% strain did not show 
any difference with respect to sham. For these later groups this odd finding may be 
related to an increase in AUC because of CAP broadening and was addressed in later 
analysis. 
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For the effect of speed, in figure 4.16, 20mm/sec group showed a comparable 
drop in AUC to 800mm/sec but showed a recovery after 2 hours as expected when 
compared to sham. On the contrary 800mm/sec also showed recovery after 2 hours 
with respect to sham. This was not expected but could be due to CAP broadening and 
was addressed in later analysis. 
For the effect of channel, RE2 and RE1, 800mm/sec speed group showed a 
great difference in % AUC change, indicating massive injury to the proximal (pulled) end 
as hypothesized. Though RE2 values of % AUC change is still lower than RE1 in other 
speed groups, there is no significant difference between the values. 
Although the % change values in the AUC (all points considered) analysis had 
shown positive increase compared to 0 min reading, the trend shown still followed our 
peak-to-peak amplitude results. The <10% strain group had shown the lowest drop in % 
AUC (all points considered) change followed by 10-20% and >20% strain group. Also, 
800m/sec speed group had shown the highest drop in AUC with 20mm/sec group being 
a close second while 200mm/sec group showed the least drop at 15 minute time point. 
To minimize the confounding effect of increase in AUC due to broadening of compound 
action potential in the analysis of AUC, a threshold cut off value of 46% increase in AUC 
was chosen.  This value was calculated using sham data. 90% of sham data was below 
46% increase in AUC.  
Figure 4.20 shows that this AUC (cut off is 46%) analysis also followed the same 
trend that previous AUC (all points considered) and amplitude analysis followed. The 
<10% strain showed the minimum drop of % AUC (cut off is 46%) change followed by 
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10-20% strain and >20% strain. Figure 4.21 shows that <10% strain group showed 
recovery after 1hr while 10-20% strain group showed recovery after 2 hours when 
compared to sham. At strains >20%, all points were lower than sham mirroring our 
amplitude results. Similarly for effect of speed, from figure 4.23, 800mm/sec speed 
group showed the maximum drop in % AUC (cut of is 46%) change but never recovered 
when compared to sham whereas 20mm/sec speed group showed the second highest 
drop and recovered after 60 minutes when compared to sham. The 200mm/sec speed 
group showed the least fall in % change AUC(cut off is 46%) which was also observed 
in the previous AUC(all points considered) and amplitude results. 200mm/sec group 
showed recovery after 30 minutes. Again, RE2 showed more drop in % change AUC 
(cut off is 46%) than RE1 but there was no significant difference between them. Below 
mentioned table 5.4 gives us the comparison between AUC values obtained by (Singh 
et al., 2009) after 10 min post stretch and AUC (cut off is 46%) of CAP obtained in the 
current study. These values are lower than those reported by Singh et al. This could be 
due to some recovery between stretch and 15 minute post stretch. 
Table 5.4: % Decrease in AUC ± standard error of all the data showing less than 46% Increase 
in % change of AUC at 15 minute compared to Singh et al.  
 AUC-46% cut off 
Studies Singh et al Current study 
 15mm/sec 20mm/sec 200mm/sec 800mm/sec 
<10% 81.6±9.52 40.0±8.17 26.9±11.16 55.5±9.09 
10-20% 98.5±1.41 57.8±8.94 41.0±11.21 60.7±13.13 
>20% CB 60.9±10.59 55.8±12.76 72.9±9.11 
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To totally remove the confounding factor of CAP broadening and AUC increase, 
only decrease of AUC was considered. Figure 4.26 and 4.27 showed that <10% strain 
had the smallest drop in AUC (only decrease data) followed by 10-20% strain and >20% 
strain at 15 minute time point. Furthermore, <10% strains showed recovery after 30 
minutes when compared to sham while 10-20% strains showed recovery after 1 hours. 
The >20% strain never showed recovery. This follows the previous results of amplitude 
and hypothesis that as strain is increased functional deficit would increase and lower 
strains have better recovery. To understand the effect of speed group, from figure 4.28 
and 4.29, it was deduced that 800mm/sec had the highest drop in AUC (only decrease 
data) with no recovery when compared to sham. The 20mm/sec and 200mm/sec speed 
groups had almost equal drop and recovered after 30 minutes when compared to sham. 
This data is in accord with our previous finding of amplitude and support our hypothesis 
of lower strain rates having greater recovery than higher strain rates. For the effect of 
channel, we did not observe any significant difference between RE1 and RE2 though 
RE2 values on AUC decrease were lower than RE1. Below mentioned table 5.5 gives 
us the comparison between AUC values obtained by (Singh et al., 2009) after 10 min 
post stretch and AUC (only decrease data) of CAP obtained in the current study. These 
values are lower than those reported by Singh et al. This could be due to some recovery 
between stretch and 15 minute post stretch. 
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Table 5.5: % Decrease in AUC ± standard error with only decrease in AUC considered at 15 
minute compared to Singh et al. As strain increased functional deficit increased in all speed 
groups except *.20mm/sec group showed higher deficit compared to 200mm/sec group except 
^. 
AUC: Decrease only 
Studies Singh et al Current study 
 15mm/sec 20mm/sec 200mm/sec 800mm/sec 
<10% 81.6±9.52 43.9±7.81^ 49.1±6.80 55.5±9.09 
10-20% 98.5±1.41 64.1±6.81 47.2±10.32* 76.8±8.91 
>20% CB 60.9±10.59*^ 65.9±9.36 72.9±9.11* 
 
The third mode of functional injury predictor considered was conduction velocity 
(latency, CV).  When considering effect of strain in individual speeds, it was observed 
that <10% strains showed the lowest drop in CV followed by 10-20% and >20% strain 
group at 15 minute time point. When studying the effect of strain from figure 4.33, it was 
observed that <10% strain group showed recovery after 1 hour whereas 10-20% strain 
group showed recovery after 3 hours while >20% strain group showed incomplete 
recovery when compared to sham. Below mentioned table 5.6 gives us the comparison 
between % change in CV values obtained by (Singh et al., 2009) after 10 min post 
stretch and % change in CV values of CAP obtained in the current study. These values 
are lower than those reported by Singh et al.  
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Table 5.6: % Decrease in CV ± standard error 15 minute compared to Singh et al. As strain 
increased functional deficit increased in all speed groups except *. 
% CV Change 
Studies Singh et al Current study 
 15mm/sec 20mm/sec 200mm/sec 800mm/sec 
<10% 77.1±8.12 14.5±4.98 11.0±5.49 13.8±3.99 
10-20% 95.2±3.25 25.8±6.50 11.8±5.61 18.9±9.24 
>20% CB 25.0±10.29* 14.0±6.29 21.6±5.98 
 
Table 5.6 summarized the % decrease in CV in the various groups and includes 
the 15mm/sec group of Singh et al for comparison. The drop observed in %CV change 
for the current study is much less compared to Singh et al. This can be explained due to 
the different method used for data acquisition. Singh et al collected CV data based on 
latency between RE1 and RE2. Since the distance of travel was very small (10mm), and 
was in the region of stretch and injury, the percentage drop of CV was large. The 
current study took the distance travelled from the stimulating electrode at the sciatic 
nerve to the individual recording electrodes. This increased the travelling distance of the 
compound action potential to 72mm. Moreover, most of the conduction occurred on the 
healthy sciatic nerve which was never injured. This made the percentage drop of CV in 
the current study less in magnitude and sensitivity.  
Similarly when analyzing the effect of speed group in the study of CV, it was 
deduced from figure 4.35 that the 20mm/sec and 800mm/sec groups showed almost 
equal drop at 15 minute time point, with 200mm/sec showing the least drop. This is in 
accord with all the previous results of AUC and amplitude. Also when compared to 
sham, 20mm/sec group showed recovery after 2 hours while 800mm/sec group showed 
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incomplete recovery. The 200mm/sec group also showed recovery after an hour when 
compared to sham. Though CV analysis may not be as sensitive as amplitude for injury 
prediction due to its set up and smaller changes, it has shown similar trends in effects of 
strain and strain rate as seen by peak-to-peak amplitude changes. 
Tables 5.1 through 5.6 show that Singh et al had a greater deficit compared to 
the current study at 15 min time point. One of the reasons mentioned earlier explaining 
this observation could be recovery at 15 minutes compared to 10 minute recordings of 
Singh et al. The second reason could be due to the average strain chosen by Singh et 
al compared to segmental strains chosen for the current study. Appendix F shows the 
segmental strains RE1 and RE2, average strain from the current study, and average 
strain from Singh et al at 15mm/sec for the corresponding three strain groups (<10%, 
10-20%, >20%). Appendix F (A) shows strain values when all the speeds (20mm/sec, 
200mm/sec, and 800mm/sec) are combined whereas F (B) shows strain values at only 
20mm/sec. From F (B) we can deduce that at low average strains we still may have 
high segmental RE2 strains. Hence, these high RE2 segmental strains could provide a 
higher deficit even though the average strain experienced by the nerve root may be 
lower. The third reason for observing such high deficits could be due to the methods 
used by Singh et al for calculations. Singh et al measured percentage change in 
amplitude, CV, and AUC of one recording electrode with respect to the other. The 
percentage change was calculated by subtracting RE2 values from RE1. This could 
provide a higher deficit as observations were done only between the injured parts of the 
nerve root. The current study treated both the channels independently and calculated 
the percentage change with respect to 0 min recording of that corresponding channel. 
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This method compared recordings at each electrode to itself, rather than comparing the 
change of RE2 with respect to RE1. 
In the companion portion of this project, average strain rate (ASR) was calculated 
based on the strain time plots. The slope between the 0.85 and 0.15 of the maximum 
strain value point was called average strain rate (Yaldo, 2012). The below table gives 
the ASR obtained from Yaldo et al. Motor vehicle accidents are likely to have strain 
rates of several thousand%/sec and more in the brain tissue. 
Table 5.7: ASR (%/sec) obtained from Yaldo et al for the three speed groups 
 20mm/sec 200mm/sec 800mm/sec 
Average Strain Rate 
 (%/sec) 
46.9±8.2 530.3±137.5 2871.2±1036 
 
The specific aim of this study was to determine the relationship between strains 
and strain rates on functional injury such as amplitude, AUC, and CV. It was observed 
that for all the three modes of functional injury predictors (amplitude, AUC, and CV), as 
strain and strain rate increased functional deficit also increased. However, mathematical 
correlations were weak (fig 4.38, 4.39, and 4.40). Figure 4.38, 4.39, and 4.40 shows the 
trend observed between the applied strain and the predictors (peak-to-peak amplitude, 
AUC, and CV) at 20mm/sec, 200mm/sec, and 800mm/sec. Weak mathematical 
correlation may be due to the two previously mentioned patho-mechanism of injury 
(deformation and disruption). Different mechanisms may prevail at different strain rates 
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and could result in a weak correlation but overall decrease in percentage as strain 
increased. 
Previous studies done by Singh et al have reported linear relationship between 
strain and functional injury but only for the slowest strain rate of 0.01mm/sec. Any 
mathematical correlation was not determined at higher strain rates of 1mm/sec and 
15mm/sec due to majority of axons showing conduction block (Singh et al., 2009). 
Another study done by Galbraith et al on squid axon reported that as the loading rate 
was increased, the injury and recovery in membrane potential became non-linear 
(Galbraith et al., 1993). 
In the current study, peak-to-peak amplitude of CAP was considered the best 
functional injury predictor as it did not have the confounding effect of increase in CAP 
duration as seen for AUC analysis. Furthermore, it was not affected due to majority 
propagation of CAP on the healthy sciatic nerve as seen in the case of CV analysis. 
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CHAPTER 6 
Conclusion 
The aim of this study was to understand and monitor neurophysiological changes 
of spinal nerve roots stretched at several strain rates ranging from low (20mm/sec) to 
high (800mm/sec). This will provide a better understanding of how the injury processes, 
tolerance and recovery is related to the magnitude and rate of mechanical stretch. It 
was hypothesized that  
1. Lower strains would produce less functional deficits and better recovery 
2. Lower strain rates would produce less functional deficits and better recovery. 
3. Proximal end of the nerve root will show higher deficits compared to distal end. 
4. Recovery would be faster at lower strains and lower strain rates. 
The findings obtained are summarized below. 
1) Based on peak-to-peak amplitude, AUC, and CV of CAP, the <10% strain 
resulted in the least functional deficit at 15 min followed by 10-20% strain and 
>20% strain. This was observed in all speed groups. 
2) Regarding strain rates, 800mm/sec group showed the maximum functional deficit 
in CAP at 15 min followed by 20mm/sec and 200mm/sec. The reverse trend 
between 20mm/sec and 200mm/sec could be due to different contributions in the 
patho-mechanisms, disruption versus deformation, as proposed by Oldfors et al, 
110 
 
 
Sunderland et al, Marani et al, in these two groups. The 20mm/sec strains were 
somewhat higher compared to 200mm/sec strains. 
3)  The proximal end of the nerve root showed higher deficits compared to distal 
end but these differences were not significant except in 800mm/sec AUC 
analysis. 
4) Recovery was faster at the lower strains and lower strain rates than higher 
strains and higher strain rates. 20mm/sec group at <10% strain showed recovery 
much faster compared to the 200mm/sec group at <10% strain. Higher strains 
such as 10-20% and >20% strains did not show any recovery for 800mm/sec 
group. Partial recovery was shown for the 20mm/sec group at >20% strains, 
200mm/sec group at 10-20% and >20% strains, and 800mm/sec group at <10% 
strains. 
5) The 800mm/sec group showed the maximum time dilation of the CAP waveform 
followed by the 20mm/sec group.  
6) Overall as strain increased, functional deficit increased.  
7) Overall as strain rate increased, functional deficit increased.  
8) Overall, lower strains and strain rates recovered better compared to higher strain 
and strain rates. 
More research needs to be done to determine morphological changes at these strain 
rates to better understand and correlate them with neurophysiological findings. In future 
research, these findings also need to be compared to the mechanical properties of the 
nerve roots at higher and lower strains and in the end the data can be used in the 
development of finite element and other computer models of the nervous system. 
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APPENDIX A - STATIC STRAIN VALUES AND NERVE RUPTURE LOCATIONS 
Speed Rat RE1/DRG RE2/proximal 
Avg segmental 
strain Avg Strain Ruptured Position 
20               
  90 1.38 9.55 6.62 6.84 N   
  89 4.06 3.5 3.98 4.05 N   
  116 2.53 9.65 7.75 7.78 N   
  114 8.67 10.98 6.05 6.58 N   
  106 4.67 18.73 9.5 10.24 N   
  107 10.88 17.01 10.86 11.16 N   
  96 26.19 10.31 10.88 11.61 N   
  95 4.56 11.62 10.98 10.63 Y 6-S 
  109 7.1 13.6 12.56 13.37 N   
  108 9.29 26.79 13.24 13.78 N   
  112 0.72 16.07 12.5 12.54 Y 7-S 
  93 2.64 22.21 10.45 10.57 N   
  99 18.72 35.71 16.86 17.95 Y 5-S 
  113 11.64 29.47 17.4 18.13 N   
  115 10.48 29.4 20.87 20.05 Y 5-S 
  117 16.37 20.02 19.2 19.29 N   
  118 19.04 21.72 21.74 22.1 N   
  98 12.47 25.52 18.99 18.007 Y 4-S 
200               
  131 2.34 9.34 5.88 6.25 N   
  132 7.46 11.43 7.78 7.61 N   
  135 3.29 7.44 5.01 9.28 Y 5-S 
  136 1.42 14.79 7.56 8.82 N   
  137 8.35 9.52 8.45 9.01 N   
  140 1.35 2.14 0.25 0.46 N   
  153 2.69 8.78 7.86 8.61 N   
  139 11.3 11.85 9.56 10.22 N   
  141 4.18 18.39 9.82 10.63 N   
  142 22.14 17.51 16.27 16.62 Y 4-S 
  143 24.18 20.08 14.98 14.28 N   
  146 8.06 29.24 9.09 9.83 N   
  148 13.87 20.24 14.27 12.99 Y 5-S 
  152 6.04 14.71 13.79 14.13 Y 6-S 
  156 7.32 16.08 19.68 15.12 Y 6-S 
  158 6.59 14.66 12.83 13.06 Y 3 AND 4 
  159 13.51 18.47 15.1 14.94 N   
112 
 
 
  163 13.59 14.43 12.92 12.98 Y 5-S 
  164 7.39 28.69 13.88 13.62 Y 2 AND 3 
  207 26.17 na 13.54 13.21 Y 2 AND 3 
800               
  182 5.63 6.27 5.12 4.93 Y 6-S 
  183 5.38 14.9 3.7 4.24 N   
  184 11.96 13.08 2.98 3.58 Y 5-S 
  201 9.36 9.83 9.51 9.21 Y 5-S 
  189 9.5 14.14 8.86 8.96 Y 5-S 
  191 5.99 10.09 5.38 5.25 Y 4 AND 5 
  198 9.15 13.66 3.54 4.76 N   
  204 2.69 9.56 9.22 9.43 Y 6-S 
  180 7.34 16.5 11.02 10.56 N   
  181 11.04 18.73 12.19 13.87 Y 4-S 
  185 21.72 22.43 15.24 14.42 Y 4-S 
  188 5 10.96 11.22 11.31 N   
  192 11.89 27.21 14.16 14.43 Y 5-S 
  196 8.52 25.45 17.61 17.47 Y 7-S 
  200 4.37 21.04 9.56 10.39 N   
  203 19.19 26.26 14.22 14.24 Y 5-S 
  190 26.88 29.52 19.52 20.18 Y 3 AND 4 
  197 27.14 27.47 23.45 24.84 Y 6 AND 7 
  199 12.38 27.39 19.11 19.5 Y 5-S 
  187 17.98 28.62 20.63 20.2 Y 5-S 
  205 21.29 39.81 30.25 31.38 Y 2 AND 3 
  206 25.49 27.67 27.36 27.35 Y 4-S 
4-S means nerve root ruptured between 4
th
 marker and the suture.  
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APPENDIX B - TIME DILATION OBSERVATIONS 
Rat ID Channel 
Ch 
strain  
Speed AUC 
AUC% 
Change 
Time 
point 
% Time 
dilation 
68.00 2.00   5.00 183.00 2.81 30.00   
87.00 1.00   5.00 270.00 5.47 15.00   
87.00 1.00   5.00 287.00 12.11 120.00   
87.00 1.00   5.00 291.00 13.67 180.00   
87.00 1.00   5.00 257.00 0.39 240.00   
87.00 1.00   5.00 268.00 4.69 300.00   
87.00 1.00   5.00 290.00 13.28 360.00   
87.00 2.00   5.00 131.00 9.17 15.00   
87.00 2.00   5.00 133.00 10.83 30.00   
87.00 2.00   5.00 139.00 15.83 60.00   
87.00 2.00   5.00 170.00 41.67 120.00 -2.11 
87.00 2.00   5.00 184.00 53.33 180.00 -5.26 
87.00 2.00   5.00 151.00 25.83 240.00   
87.00 2.00   5.00 166.00 38.33 300.00 42.11 
87.00 2.00   5.00 208.00 73.33 360.00 44.21 
171.00 2.00   5.00 122.00 6.09 15.00   
171.00 2.00   5.00 235.00 104.35 30.00 30.25 
171.00 2.00   5.00 128.00 11.30 60.00   
172.00 1.00   5.00 86.00 19.44 15.00   
172.00 1.00   5.00 84.00 16.67 30.00   
172.00 1.00   5.00 78.00 8.33 120.00   
172.00 1.00   5.00 80.00 11.11 240.00   
172.00 1.00   5.00 129.00 79.17 300.00 98.75 
172.00 1.00   5.00 118.00 63.89 360.00 81.25 
172.00 2.00   5.00 149.00 69.32 60.00 28.33 
172.00 2.00   5.00 153.00 73.86 300.00 23.33 
172.00 2.00   5.00 113.00 28.41 360.00   
173.00 2.00   5.00 162.00 6.58 15.00   
173.00 2.00   5.00 162.00 6.58 30.00   
173.00 2.00   5.00 177.00 16.45 60.00   
173.00 2.00   5.00 199.00 30.92 120.00   
173.00 2.00   5.00 153.00 0.66 360.00   
82.00 1.00   4.00 265.00 8.16 30.00   
82.00 1.00   4.00 361.00 47.35 60.00 -0.85 
82.00 1.00   4.00 254.00 3.67 120.00   
167.00 1.00   4.00 136.00 9.68 15.00   
167.00 1.00   4.00 147.00 18.55 60.00   
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167.00 1.00   4.00 125.00 0.81 180.00   
167.00 1.00   4.00 133.00 7.26 240.00   
167.00 1.00   4.00 191.00 54.03 360.00 27.64 
167.00 1.00   4.00 185.00 49.19 1000.00   
168.00 1.00   4.00 175.00 16.67 60.00   
168.00 1.00   4.00 181.00 20.67 120.00   
168.00 1.00   4.00 163.00 8.67 180.00   
168.00 1.00   4.00 168.00 12.00 240.00   
168.00 1.00   4.00 276.00 84.00 360.00   
168.00 2.00   4.00 205.00 46.43 30.00 14.61 
168.00 2.00   4.00 180.00 28.57 60.00   
168.00 2.00   4.00 142.00 1.43 180.00   
168.00 2.00   4.00 156.00 11.43 240.00   
169.00 2.00   4.00 149.00 24.17 30.00   
169.00 2.00   4.00 170.00 41.67 240.00 -8.11 
169.00 2.00   4.00 137.00 14.17 300.00   
169.00 2.00   4.00 145.00 20.83 360.00   
124.00 1.00   4.00 170.00 25.93 15.00   
124.00 1.00   4.00 172.00 27.41 30.00   
124.00 1.00   4.00 148.00 9.63 180.00   
124.00 1.00   4.00 194.00 43.70 240.00 12.95 
124.00 1.00   4.00 226.00 67.41 300.00 15.11 
124.00 1.00   4.00 181.00 34.07 360.00 5.76 
124.00 2.00   4.00 196.00 11.36 15.00   
124.00 2.00   4.00 205.00 16.48 30.00   
124.00 2.00   4.00 198.00 12.50 60.00   
124.00 2.00   4.00 184.00 4.55 300.00   
125.00 2.00   4.00 171.00 0.59 15.00   
125.00 2.00   4.00 190.00 11.76 30.00   
89.00 1.00 4.06 1.00 203.00 6.28 180.00   
89.00 1.00 4.06 1.00 285.00 49.21 240.00 33.63 
89.00 1.00 4.06 1.00 287.00 50.26 300.00 34.51 
89.00 1.00 4.06 1.00 205.00 7.33 360.00   
89.00 2.00 3.50 1.00 211.00 33.54 60.00 4.35 
89.00 2.00 3.50 1.00 199.00 25.95 120.00   
89.00 2.00 3.50 1.00 206.00 30.38 180.00 3.69 
89.00 2.00 3.50 1.00 261.00 65.19 240.00 4.50 
89.00 2.00 3.50 1.00 270.00 70.89 300.00 5.04 
89.00 2.00 3.50 1.00 271.00 71.52 360.00 4.50 
93.00 1.00 2.64 1.00 218.00 9.00 120.00   
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106.00 2.00 18.73 1.00 324.00 24.62 15.00   
106.00 2.00 18.73 1.00 367.00 41.15 30.00 5.34 
95.00 1.00 4.56 1.00 182.00 51.67 240.00 4.50 
95.00 1.00 4.56 1.00 247.00 105.83 300.00 5.13 
95.00 1.00 4.56 1.00 255.00 112.50 360.00 5.28 
98.00 1.00 12.47 1.00 169.00 6.96 180.00   
98.00 1.00 12.47 1.00 201.00 27.22 240.00   
98.00 1.00 12.47 1.00 218.00 37.97 300.00 4.41 
98.00 1.00 12.47 1.00 172.00 8.86 360.00   
108.00 1.00 9.29 1.00 226.00 10.78 120.00   
108.00 1.00 9.29 1.00 219.00 7.35 180.00   
108.00 1.00 9.29 1.00 218.00 6.86 240.00   
112.00 1.00 0.72 1.00 81.00 3.85 30.00   
112.00 1.00 0.72 1.00 111.00 42.31 60.00 4.41 
112.00 1.00 0.72 1.00 237.00 203.85 120.00 4.68 
112.00 1.00 0.72 1.00 236.00 202.56 180.00 4.50 
112.00 1.00 0.72 1.00 239.00 206.41 240.00 4.53 
112.00 1.00 0.72 1.00 209.00 167.95 300.00 4.62 
112.00 1.00 0.72 1.00 153.00 96.15 360.00 3.87 
112.00 2.00 16.07 1.00 163.00 36.97 60.00 4.44 
112.00 2.00 16.07 1.00 230.00 93.28 120.00 3.87 
112.00 2.00 16.07 1.00 271.00 127.73 180.00 4.32 
112.00 2.00 16.07 1.00 256.00 115.13 240.00 4.44 
112.00 2.00 16.07 1.00 263.00 121.01 300.00 4.77 
112.00 2.00 16.07 1.00 230.00 93.28 360.00 4.47 
116.00 1.00 2.53 1.00 307.00 6.60 15.00   
99.00 1.00 18.72 1.00 342.00 37.35 30.00 3.72 
99.00 1.00 18.72 1.00 346.00 38.96 60.00 4.05 
99.00 1.00 18.72 1.00 272.00 9.24 360.00   
99.00 2.00 35.71 1.00 244.00 65.99 120.00 4.95 
99.00 2.00 35.71 1.00 170.00 15.65 180.00   
99.00 2.00 35.71 1.00 241.00 63.95 240.00 4.95 
99.00 2.00 35.71 1.00 163.00 10.88 300.00   
99.00 2.00 35.71 1.00 253.00 72.11 360.00 3.90 
131.00 2.00 9.34 2.00 271.00 63.25 15.00 5.13 
131.00 2.00 9.34 2.00 238.00 43.37 30.00 4.44 
131.00 2.00 9.34 2.00 238.00 43.37 60.00 5.22 
131.00 2.00 9.34 2.00 228.00 37.35 120.00 5.16 
131.00 2.00 9.34 2.00 281.00 69.28 180.00 5.13 
131.00 2.00 9.34 2.00 325.00 95.78 240.00 5.49 
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131.00 2.00 9.34 2.00 280.00 68.67 300.00 5.70 
131.00 2.00 9.34 2.00 252.00 51.81 360.00 5.46 
132.00 1.00 7.46 2.00 150.00 38.89 15.00 -4.76 
132.00 1.00 7.46 2.00 116.00 7.41 30.00   
132.00 1.00 7.46 2.00 111.00 2.78 60.00   
136.00 1.00 1.42 2.00 275.00 43.98 15.00 15.63 
136.00 1.00 1.42 2.00 222.00 16.23 30.00   
136.00 1.00 1.42 2.00 206.00 7.85 60.00   
136.00 2.00 14.79 2.00 248.00 41.71 180.00 19.38 
139.00 1.00 11.30 2.00 148.00 15.63 30.00   
139.00 1.00 11.30 2.00 192.00 50.00 60.00   
139.00 1.00 11.30 2.00 132.00 3.13 120.00   
139.00 2.00 11.85 2.00 115.00 21.05 15.00   
139.00 2.00 11.85 2.00 114.00 20.00 30.00   
139.00 2.00 11.85 2.00 116.00 22.11 60.00   
139.00 2.00 11.85 2.00 96.00 1.05 180.00   
139.00 2.00 11.85 2.00 114.00 20.00 300.00   
139.00 2.00 11.85 2.00 125.00 31.58 360.00 
image 
corrupt 
140.00 1.00 1.35 2.00 202.00 5.76 60.00   
140.00 1.00 1.35 2.00 205.00 7.33 180.00   
140.00 1.00 1.35 2.00 237.00 24.08 300.00   
137.00 1.00 8.35 2.00 274.00 0.74 120.00   
137.00 2.00 9.52 2.00 205.00 95.24 240.00 22.59 
141.00 2.00 18.39 2.00 270.00 134.78 15.00 36.81 
141.00 2.00 18.39 2.00 276.00 140.00 30.00 36.81 
141.00 2.00 18.39 2.00 251.00 118.26 60.00 17.36 
141.00 2.00 18.39 2.00 168.00 46.09 120.00 2.08 
141.00 2.00 18.39 2.00 142.00 23.48 180.00   
142.00 1.00 22.14 2.00 287.00 19.09 180.00   
142.00 1.00 22.14 2.00 252.00 4.56 240.00   
142.00 1.00 22.14 2.00 287.00 19.09 300.00   
142.00 1.00 22.14 2.00 260.00 7.88 360.00   
142.00 2.00 17.51 2.00 157.00 29.75 120.00 -7.43 
142.00 2.00 17.51 2.00 158.00 30.58 180.00 -5.41 
142.00 2.00 17.51 2.00 190.00 57.02 240.00 -1.35 
142.00 2.00 17.51 2.00 201.00 66.12 300.00 8.78 
142.00 2.00 17.51 2.00 177.00 46.28 360.00 5.41 
143.00 1.00 24.18 2.00 172.00 4.24 15.00   
143.00 1.00 24.18 2.00 208.00 26.06 30.00   
143.00 1.00 24.18 2.00 197.00 19.39 60.00   
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152.00 1.00 6.04 2.00 242.00 44.91 15.00 25.19 
152.00 1.00 6.04 2.00 263.00 57.49 30.00 23.66 
152.00 1.00 6.04 2.00 272.00 62.87 60.00 25.19 
152.00 1.00 6.04 2.00 182.00 8.98 300.00   
152.00 1.00 6.04 2.00 194.00 16.17 360.00   
158.00 1.00 6.59 2.00 166.00 38.33 240.00 25.78 
158.00 1.00 6.59 2.00 164.00 36.67 300.00 27.34 
159.00 1.00 13.51 2.00 194.00 8.38 30.00   
159.00 1.00 13.51 2.00 185.00 3.35 60.00   
163.00 1.00 13.59 2.00 175.00 6.71 120.00   
163.00 1.00 13.59 2.00 167.00 1.83 180.00   
164.00 1.00 7.39 2.00 249.00 31.05 15.00 4.22 
164.00 1.00 7.39 2.00 252.00 32.63 30.00 1.81 
164.00 1.00 7.39 2.00 201.00 5.79 60.00   
182.00 1.00 5.63 3.00 359.00 69.34 15.00 22.52 
182.00 1.00 5.63 3.00 364.00 71.70 30.00 21.17 
182.00 1.00 5.63 3.00 404.00 90.57 60.00 16.22 
182.00 1.00 5.63 3.00 351.00 65.57 120.00 8.11 
182.00 1.00 5.63 3.00 359.00 69.34 180.00 14.86 
182.00 1.00 5.63 3.00 398.00 87.74 240.00 35.14 
182.00 1.00 5.63 3.00 349.00 64.62 300.00 19.82 
182.00 1.00 5.63 3.00 321.00 51.42 360.00 18.02 
182.00 1.00 5.63 3.00 258.00 21.70 1000.00   
182.00 2.00 6.27 3.00 280.00 0.72 180.00   
182.00 2.00 6.27 3.00 287.00 3.24 240.00   
189.00 1.00 9.50 3.00 209.00 113.27 15.00 62.77 
189.00 1.00 9.50 3.00 201.00 105.10 30.00 81.91 
189.00 1.00 9.50 3.00 193.00 96.94 60.00 80.85 
189.00 1.00 9.50 3.00 203.00 107.14 120.00 75.53 
189.00 1.00 9.50 3.00 202.00 106.12 180.00 76.60 
189.00 1.00 9.50 3.00 205.00 109.18 240.00 69.15 
189.00 1.00 9.50 3.00 203.00 107.14 300.00 73.40 
189.00 1.00 9.50 3.00 186.00 89.80 360.00 48.94 
191.00 1.00 5.99 3.00 126.00 0.80 30.00   
191.00 1.00 5.99 3.00 189.00 51.20 120.00 24.46 
191.00 1.00 5.99 3.00 209.00 67.20 240.00 33.09 
191.00 1.00 5.99 3.00 172.00 37.60 300.00 26.62 
191.00 1.00 5.99 3.00 179.00 43.20 360.00 22.30 
198.00 1.00 9.15 3.00 58.00 41.46 30.00 23.68 
198.00 1.00 9.15 3.00 60.00 46.34 60.00 10.53 
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198.00 1.00 9.15 3.00 77.00 87.80 180.00 26.32 
198.00 1.00 9.15 3.00 141.00 243.90 240.00 26.32 
198.00 1.00 9.15 3.00 91.00 121.95 300.00 22.81 
198.00 1.00 9.15 3.00 140.00 241.46 360.00 19.30 
181.00 1.00 11.04 3.00 276.00 26.61 15.00   
187.00 1.00 17.98 3.00 194.00 12.79 15.00   
187.00 1.00 17.98 3.00 190.00 10.47 30.00   
187.00 1.00 17.98 3.00 184.00 6.98 120.00   
188.00 2.00 10.96 3.00 178.00 11.95 120.00   
188.00 2.00 10.96 3.00 176.00 10.69 180.00   
188.00 2.00 10.96 3.00 172.00 8.18 240.00   
188.00 2.00 10.96 3.00 165.00 3.77 300.00   
188.00 2.00 10.96 3.00 169.00 6.29 360.00   
192.00 1.00 11.89 3.00 174.00 167.69 15.00 52.53 
192.00 1.00 11.89 3.00 137.00 110.77 30.00 67.68 
192.00 1.00 11.89 3.00 158.00 143.08 60.00 79.80 
192.00 1.00 11.89 3.00 165.00 153.85 120.00 71.72 
192.00 1.00 11.89 3.00 146.00 124.62 180.00 48.48 
192.00 1.00 11.89 3.00 151.00 132.31 240.00 86.87 
192.00 1.00 11.89 3.00 146.00 124.62 300.00 45.45 
192.00 1.00 11.89 3.00 112.00 72.31 360.00 48.48 
196.00 1.00 8.52 3.00 159.00 52.88 120.00 12.95 
203.00 1.00 19.19 3.00 288.00 128.57 15.00 8.61 
203.00 1.00 19.19 3.00 298.00 136.51 30.00 8.34 
203.00 1.00 19.19 3.00 269.00 113.49 60.00 8.43 
203.00 1.00 19.19 3.00 287.00 127.78 120.00 8.16 
203.00 1.00 19.19 3.00 313.00 148.41 180.00 9.30 
203.00 1.00 19.19 3.00 306.00 142.86 240.00 8.19 
203.00 1.00 19.19 3.00 301.00 138.89 300.00 7.80 
203.00 1.00 19.19 3.00 219.00 73.81 360.00 7.11 
201.00 1.00 9.36 3.00 70.00 9.38 60.00   
201.00 1.00 9.36 3.00 110.00 71.88 120.00 31.55 
201.00 1.00 9.36 3.00 110.00 71.88 180.00 26.79 
201.00 1.00 9.36 3.00 76.00 18.75 300.00   
201.00 1.00 9.36 3.00 77.00 20.31 360.00   
204.00 1.00 2.69 3.00 102.00 5.15 30.00   
204.00 1.00 2.69 3.00 170.00 75.26 60.00 55.45 
204.00 1.00 2.69 3.00 128.00 31.96 120.00 33.66 
204.00 1.00 2.69 3.00 194.00 100.00 180.00 80.20 
204.00 1.00 2.69 3.00 227.00 134.02 240.00 48.51 
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204.00 1.00 2.69 3.00 238.00 145.36 300.00 66.34 
204.00 1.00 2.69 3.00 224.00 130.93 360.00 54.46 
204.00 2.00 9.56 3.00 120.00 20.00 180.00   
205.00 1.00 21.29 3.00 195.00 8.33 30.00   
205.00 1.00 21.29 3.00 192.00 6.67 60.00   
205.00 1.00 21.29 3.00 213.00 18.33 180.00   
205.00 1.00 21.29 3.00 224.00 24.44 240.00   
205.00 1.00 21.29 3.00 190.00 5.56 300.00   
207.00 1.00 26.17 2.00 245.00 5.60 30.00   
207.00 1.00 26.17 2.00 234.00 0.86 120.00   
207.00 1.00 26.17 2.00 246.00 6.03 180.00   
207.00 1.00 26.17 2.00 242.00 4.31 240.00   
207.00 1.00 26.17 2.00 244.00 5.17 300.00   
207.00 1.00 26.17 2.00 251.00 8.19 360.00   
109.00 1.00 7.10 1.00 185.00 6.32 30.00   
109.00 1.00 7.10 1.00 203.00 16.67 120.00   
109.00 2.00 13.60 1.00 159.00 8.16 30.00   
109.00 2.00 13.60 1.00 153.00 4.08 120.00   
109.00 2.00 13.60 1.00 168.00 14.29 180.00   
  
used to calculate time 
dilation in CAP             
  decrease in time of CAP             
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APPENDIX C - SUMMARY TABLE FOR CONTINUOUS STRAIN METHOD 
 
Rat # Nerve root level Date Exp Desired Strain% 
Calculated  
Strain % 
Filtered 
Strain 
% 
Root Condition Survival 
20mm/sec 
                
89 LL5 5/12/2010 170 20% 9.09 9.02 Root Stretched 6hrs 
90 LL5 5/12/2010 171 20% 7.867 7.92 Root Stretched 6hrs 
91 LL5 5/13/2010 172 30% N/A TBD Root Stretched 2hrs 
93 LL5 5/14/2010 173 25% 8.19 7.88 Root Stretched 6hrs 
94 LL5 5/17/2010 174 25% N/A TBD Root Stretched 1hrs 
96 LL5 5/20/2010 175 25% 17.68 15.43 Root Stretched 6hrs 
95 LL5 5/20/2010 176 25% 11.36 11.13 
Root broken near 
suture 6hrs 
97 LL5 5/25/2010 177 30% 9.93 TBD 
Root broken near 
suture 3hrs 
98 LL5  5/25/2010 178 30% 15.69 13.55 
Root broken near 
suture 6hrs 
99 LL5 6/3/2010 179 30% 25.06 24.85 
Root broken near 
suture 6hrs 
100 LL5 6/4/2010 180 5% 7.34 7.31 Root Stretched 2 hrs 
101 RL5 6/7/2010 181 5% 4.78 4.69 Root Stretched 2 hrs 
102 LL5 6/9/2010 182 30% 5.96 5.89 Root Stretched 4 hrs 
103 RL5 6/11/2010 183 30% 17.04 17.02 Root Stretched 1 hr 
104 LL5 6/11/2010 184 30% 14.25 13.75 Root Stretched 6hrs 
105 LL5 6/14/2010 185 30% N/A NA Root Ruptured 3 hrs 
106 LL5 6/14/2010 186 30% 10.52 10.35 Root Stretched 6hrs 
107 LL5 6/16/2010 187 30% 10.64 10.29 Root Stretched 6hrs 
108 LL5 6/16/2010 188 30% 12.6 12.17 Root Stretched 6hrs 
109 LL5 6/18/2010 189 30% 20.42 17.64 Root Stretched 6hrs 
110 LL5 6/18/2010 190 30% 17.19 16.98 Root Stretched 6hrs 
111 LL5 6/21/2010 191 30% N/A NA Root Stretched 2hrs 
112 LL5 6/23/2010 192 30% 15.04 14.51 Root Ruptured 6hrs 
113 LL5 6/23/2010 193 30% 23.37 21.78 Root Stretched 6hrs 
114 LL5 6/25/2010 194 30% 8.12 8.05 Root Stretched 6hrs 
115 LL5 6/25/2010 195 30% 25.6 23.28 Root Ruptured 6hrs 
116 LL5 6/30/2010 196 5% 11.03 11.09 Root Stretched 6hrs 
117 LL5 6/30/2010. 197 30% 21.11 20.84 Root Stretched 6hrs 
118 LL5 7/1/2010 198 30% 23.48 23.26 Root Stretched 6hrs 
119 LL5 7/1/2010 199 30% N/A NA Root Stretched 6hrs 
120 LL5 7/7/2010 200 30% 13.39 13.22 Root Stretched 6hrs 
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121 LL5 7/7/2010 201 30% 12.18 12.04 
Root broken near 
suture 6hrs 
200mm/sec 
                
127 LL5 7/21/2010 202 5% 7.24 6.82 Root Stretched 4hrs 
128 LL5 7/21/2010 203 10% 17.72 17.67 Root Stretched 3hrs 
129 LL5 7/28/2010 204 20% N?A N?A Root Stretched 3hrs 
130 LL5 7/30/2010 205 30% 11.02 10.12 Root Ruptured 1hrs 
131 LL5 8/3/2010 206 20% 7.02   Stretched 6hrs 
132 LL5 8/5/2010 207 25% 7.68 7.62 Stretched 6hrs 
133 LL5 8/9/2010 208 20% 9.1 8.99 Stretched 1hrs 
134 LL5 8/9/2010 209 25% 7.6 8.07 not used  1 hrs 
135 LL5 8/11/2010 210 30% 3.87   Root Ruptured 6hrs 
136 LL5 8/12/2010 211 30% 9.32 9.33 Root Stretched 6hrs 
137 LL5 8/12/2010 212 20% 16.1 15.9 Root Stretched 6hrs 
138 LL5 8/17/2010 213 25% 15.95 15.88 Root Stretched 6hrs 
139 LL5 8/18/2010 214 35% 8.13 7.94 Root Stretched 6hrs 
140 LL5 8/19/2010 215 30% 4.37 4.06 Root Stretched 6hrs 
141 LL5 8/19/2010 216 30% 11.47 11.45 Root Stretched 6hrs 
142 LL5 8/24/2010 217 40% 13.64 13.49 Root Ruptured 6hrs 
143 LL5 8/25/2010 218 30% 13.75 12.88 Root Stretched 6hrs 
144 LL5 8/26/2010 219 30% NA NA Root Stretched 6hrs 
145 LL5 8/30/2010 220 30% 9.29 8.89 Root Stretched 1 hrs 
146 LL5 8/31/2010 221 40% 11.61 10 Root Stretched 6hrs 
147 LL5 9/2/2010 222 40% NA NA Rat Died 0hrs 
148 LL5 9/7/2010 223 40% 17.62 15.89 Root Ruptured 6hrs 
149 LL5 9/9/2010 224 35% 15.54 15.46 Clamp Slipped 6hrs 
150 LL5 9/16/2010 225 25% 11.75 11.64 Root Stretched 6hrs 
151 RL5 9/16/2010 226 30% 14.76 14.25 Root Stretched 1hrs 
152 LL5 9/20/2010 227 30% 15.67 15.2 Clamp Slipped 6hrs 
153 LL5 9/21/2010 228 30% 8.84 8.51 Root Stretched 6hrs 
154 LL5 9/30/2010 229 30% 8.92 8.86 Root Stretched 6hrs 
155 LL5 10/4/2010 230 30% 12.62 12.56 Root ruptured 6hrs 
156 LL5 10/11/2010 231 30% 20.95 20.05 Root ruptured 6hrs 
157 LL5 10/12/2010 232 30% 11.45 11.28 Root ruptured 6hrs 
158 LL5 10/14/2010 233 30% 24.4 22.64 Root ruptured 6hrs 
159 LL5 10/21/2010 234 30% 22.36 20.69 Root ruptured 6hrs 
162 LL5 10/28/2010 235 30% 10.63 9.89 Root ruptured 6hrs 
163 LL5 10/28/2010 236 30% 20.18 19.98 Root ruptured 6hrs 
164 RL5 11/1/2010 237 30% 20.3 19.5 Root ruptured 6hrs 
165 LL5 11/4/2010 238 30% 25.64 24.04 Root ruptured at DRG 1hrs 
166 LL5 11/4/2010 239 30% 11.31 10.92 Root ruptured 6hrs 
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207 RL5 2/3/2011 300 >20% 28.32 26.67 Root ruptured 6hrs 
 800 mm/sec 
                
180 LL5 12/3/2010 267 0-10% 14.46 14.21 Root Stretched 6hrs 
181 LL5 12/6/2010 268 0-10% 12.58 11.31 Root Ruptured 6hrs 
182 LL5 12/6/2010 269 0-10% 8.95 8.87 Root Stretched 6hrs 
183 LL5 12/7/2010 270 10-20% 10.84 9.74 Root Stretched 6hrs 
184 LL5 12/7/2010 271 0-10% 3.06 2.59 Root Ruptured 6hrs 
185 LL5 12/10/2010 272 0-10% 6.47 4.37 Root Ruptured 6hrs 
187 LL5 12/13/2010 277 >20% 17.89 15.7 Root Ruptured 6hrs 
188 LL5 12/15/2010 278 0-10% 11.93 10.48 Root Stretched 6hrs 
189 LL5 12/17/2010 279 >20% 7.97 7.37 Root Ruptured 6hrs 
190 LL5 12/20/2010 280 >20% 29.94 25.01 Root Ruptured 6hrs 
191 LL5 12/20/2010 281 0-10% 5.26 2.27 Root Ruptured 6hrs 
192 LL5 12/21/2010 282 >20% 12.71 12.46 Root Ruptured 6hrs 
196 LL5 1/21/2011 289 >20% 17.56 17.34 Root Ruptured 6hrs 
197 LL5 1/21/2011 290 >20% 25.24 24.13 Root Ruptured 6hrs 
198 LL5 1/24/2011 291 >20% 4.24 4.17 Root Stretched 6hrs 
199 LL5 1/24/2011 292 >20% 23.72 21.53 Root Ruptured 6hrs 
200 LL5 1/25/2011 293 >20% NA NA Root Stretched 6hrs 
201 LL5 1/25/2011 294 >20% 20.04 20.04 Root Ruptured 6hrs 
202 LL5 1/26/2011 295 >20% 11.51 11.51 Root Ruptured 4hrs 
203 LL5 1/26/2011 296 >20% 15.36 14.41 Root Ruptured 6hrs 
204 LL5 1/31/2011 297 >20% 10.94 8.54 Root Ruptured 6hrs 
205 RL5 1/31/2011 298 >20% 34.9 34.9 Root Ruptured 6hrs 
206 LL5 2/1/2011 299 >20% 23.69 22.75 Root Ruptured 6hrs 
             Sham 
And Control                 
55 RL5 2/25/2010 9 Sham N/A N/A N/A 4hrs 
56 RL5 3/2/2010 10 Sham N/A N/A N/A 6hrs 
57 LL5,RL5 3/3/2010 11 Sham N/A N/A N/A 4hrs 
58 LL5,RL5 3/11/2010 12 Control N/A N/A N/A 6hrs 
59 LL5,RL5 3/12/2010 13 Sham N/A N/A N/A 2hrs 
61 LL5 3/16/2010 15 Control N/A N/A N/A 1hrs 
62 LL5 3/18/2010 16 Control N/A N/A N/A 3hrs 
63 LL5 3/18/2010 17 Sham N/A N/A N/A 1hrs 
64 LL5 3/19/2010 18 Control N/A N/A N/A 3hrs 
65 LL5 3/19/2010 19 Sham N/A N/A N/A 6hrs 
66 LL5 3/23/2010 20 Control N/A N/A N/A 5hrs 
67 LL5 3/23/2010 21 Sham N/A N/A N/A 2hrs 
68 LL5 3/25/2010 22 Control N/A N/A N/A 6hrs 
69 LL5 3/25/2010 23 Sham N/A N/A N/A 2hrs 
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70 LL5 3/26/2010 24 Control N/A N/A N/A 5hrs 
71 LL5 3/26/2010 25 Sham N/A N/A N/A 4hrs 
74 RL5 4/1/2010 26 Sham N/A N/A N/A 30min 
76 LL5 4/6/2010 28 Sham N/A N/A N/A 3hrs 
77 LL5 4/8/2010 29 Sham N/A N/A N/A N?A 
78 LL5 4/9/2010 30 Sham N/A N/A N/A 4hrs 
82 LL5 4/15/2010 32 Sham N/A N/A N/A 6hrs 
85 LL5 4/22/2010 35 Sham N/A N/A N/A 6hrs 
86 LL5 4/28/2010 36 Control N/A N/A N/A 6hrs 
87 LL5 4/28/2010 37 Control N/A N/A N/A 6hrs 
122 LL5 7/12/2010 71 Sham N/A N/A N/A 2hrs 
123 LL5 7/14/2010 72 Sham N/A N/A N/A 4hrs 
124 LL5 7/14/2010 73 Sham N/A N/A N/A 6hrs 
125 LL5 7/16/2010 74 Sham N/A N/A N/A 6hrs 
126 LL5 7/17/2010 75 Sham N/A N/A N/A 6hrs 
160 LL5 10/25/2010 109 Sham N/A N/A N/A 5hrs 
161 LL5 10/26/2010 110 Sham N/A N/A N/A 6hrs 
167 LL5 11/9/2010 118 Sham N/A N/A N/A 6hrs 
168 LL5 11/9/2010 74 Sham N/A N/A N/A 6hrs 
169 LL5 11/11/2010 73 Sham N/A N/A N/A 6hrs 
170 LL5 11/11/2010 119 Sham N/A N/A N/A 6hrs 
171 LL5 11/15/2010 120 Control N/A N/A N/A 6hrs 
172 LL5 11/15/2010 121 Control N/A N/A N/A 6hrs 
173 LL5 11/16/2010 122 Control N/A N/A N/A 6hrs 
  
Green= Analyzed 
and not used for 
calculations in this 
thesis               
  
Beige= Analyzed 
and used for 
calculations in this 
thesis               
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APPENDIX D - NEUROPHYSIOLOGY EXPERIMENTS STRAIN-TIME PLOTS 
 
 Plot 1 illustrates the raw strain data obtained through video analysis. 
 Plot 2 represents the filtered values of the average strain. 
 X- Axis represents time in seconds. 
 Y-Axis represents strain in percentage %. 
 The raw strain data plots represents the strain obtained from three to four 
segments of the nerve root (i.e. Strain 1, Strain 2, Strain 3, Strain 4 etc.) 
 The last strain segment in each raw strain data plot represents the average 
strain. The average strain was considered to be the strain between the first and 
last marker. (For example if there were four strain segments-Strain 1,Strain 
2,Strain 3 and Strain 4 in a plot ,the Strain 4 represents the average strain which 
is the strain obtained from first and last marker)  
 The unfiltered average strain (strain between first and last marker of a nerve 
segment) was filtered using the Butter worth filter with a cut off value of 99. 
 The nerve root levels are identified as Left (L) and Right(R) and the lumbar levels 
from 4 to 6 are identified as L4, L5 and L6. 
 Strain 1 is near the proximal end (pulled end). 
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20mm/sec 
 
Rat No. 89 Exp No. 170 
Nerve Root: Left L5  
Peak Filtered Strain: 9.02 % 
Displacement Rate: 20mm/sec 
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Rat No. 90 Exp No. 171 
Nerve Root: Left L5 
Peak Filtered Strain: 7.92 % 
Displacement Rate: 20mm/sec 
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Rat No. 93 Exp No. 173 
Nerve Root: Left L5 
Peak Filtered Strain: 7.8 % 
Displacement Rate: 20mm/sec 
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Rat No. 96 Exp No. 175 
Nerve Root: Left L5  
Peak Filtered Strain: 15.4 % 
Displacement Rate: 20mm/sec 
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Rat No. 95 Exp No. 176 
Nerve Root: Left L5  
Peak Filtered Strain: 11.1 % 
Displacement Rate: 20mm/sec 
 
 
 
 
 
130 
 
 
Rat No. 98 Exp No. 178 
Nerve Root: Left L5  
Peak Filtered Strain: 13.5 % 
Displacement Rate: 20mm/sec 
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Rat No. 99 Exp No. 179 
Nerve Root: Left L5  
Peak Filtered Strain: 25.06 % 
Displacement Rate: 20mm/sec 
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Rat No. 106 Exp No. 186 
Nerve Root: Left L5  
Peak Filtered Strain: 10.35 % 
Displacement Rate: 20mm/sec 
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Rat No. 107 Exp No. 187 
Nerve Root: Left L5  
Peak Filtered Strain: 10.29 % 
Displacement Rate: 20mm/sec 
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Rat No. 108 Exp No. 188 
Nerve Root: Left L5  
Peak Filtered Strain: 11.7 % 
Displacement Rate: 20mm/sec 
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Rat No. 109 Exp No. 189 
Nerve Root: Left L5  
Peak Filtered Strain: 17.6 % 
Displacement Rate: 20mm/sec 
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Rat No. 112 Exp No. 192 
Nerve Root: Left L5  
Peak Filtered Strain: 14.51 % 
Displacement Rate: 20mm/sec 
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Rat No. 113 Exp No. 193 
Nerve Root: Left L5  
Peak Filtered Strain: 22.50 % 
Displacement Rate: 20mm/sec 
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Rat No. 114 Exp No. 194 
Nerve Root: Left L5  
Peak Filtered Strain: 7.85 % 
Displacement Rate: 20mm/sec 
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Rat No. 115 Exp No. 195 
Nerve Root: Left L5  
Peak Filtered Strain: 23.2 % 
Displacement Rate: 20mm/sec 
 
 
 
 
 
140 
 
 
 
Rat No. 116 Exp No. 196 
Nerve Root: Left L5  
Peak Filtered Strain: 11.09 % 
Displacement Rate: 20mm/sec 
 
 
 
 
 
 
141 
 
 
Rat No. 117 Exp No. 197 
Nerve Root: Left L5  
Peak Filtered Strain: 20.84 % 
Displacement Rate: 20mm/sec 
 
 
 
 
142 
 
 
Rat No. 118 Exp No. 198 
Nerve Root: Left L5  
Peak Filtered Strain: 23.26 % 
Displacement Rate: 20mm/sec 
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200mm/sec 
Rat No. 131 Exp No. 206 
Nerve Root: Left L5  
Peak Filtered Strain: 7.02 % 
Displacement Rate: 200mm/sec 
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Rat No. 132 Exp No. 207 
Nerve Root: Left L5  
Peak Filtered Strain: 13.08 % 
Displacement Rate: 200mm/sec 
 
 
 
 
 
 
145 
 
 
 
 
Rat No. 136 Exp No. 211 
Nerve Root: Left L5  
Peak Filtered Strain: 9.3 % 
Displacement Rate: 200mm/sec 
 
 
 
146 
 
 
 
Rat No. 137 Exp No. 212 
Nerve Root: Left L5  
Peak Filtered Strain: 15.9 % 
Displacement Rate: 200mm/sec 
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Rat No. 139 Exp No. 214 
Nerve Root: Left L5  
Peak Filtered Strain: 7.9 % 
Displacement Rate: 200mm/sec 
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Rat No. 140 Exp No. 215 
Nerve Root: Left L5  
Peak Filtered Strain: 4.0 % 
Displacement Rate: 200mm/sec 
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Rat No. 141 Exp No. 216 
Nerve Root: Left L5  
Peak Filtered Strain: 11.4 % 
Displacement Rate: 200mm/sec 
 
 
 
 
 
150 
 
 
 
 
Rat No. 142 Exp No. 217 
Nerve Root: Left L5  
Peak Filtered Strain: 13.4 % 
Displacement Rate: 200mm/sec 
 
 
 
 
151 
 
 
 
Rat No. 143 Exp No. 218 
Nerve Root: Left L5  
Peak Filtered Strain: 12.8 % 
Displacement Rate: 200mm/sec 
 
 
 
 
 
152 
 
 
 
 
Rat No. 146 Exp No. 221 
Nerve Root: Left L5  
Peak Filtered Strain: 10 % 
Displacement Rate: 200mm/sec 
 
 
 
 
153 
 
 
 
Rat No. 148 Exp No. 223 
Nerve Root: Left L5  
Peak Filtered Strain: 15.8% 
Displacement Rate: 200mm/sec 
 
 
 
 
 
154 
 
 
 
 
Rat No. 152 Exp No. 227 
Nerve Root: Left L5  
Peak Filtered Strain: 15.2% 
Displacement Rate: 200mm/sec 
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Rat No. 153 Exp No. 228 
Nerve Root: Left L5  
Peak Filtered Strain: 8.5% 
Displacement Rate: 200mm/sec 
 
 
 
 
 
156 
 
 
 
 
Rat No. 156 Exp No. 231 
Nerve Root: Left L5  
Peak Filtered Strain: 14.53% 
Displacement Rate: 200mm/sec 
 
 
 
 
157 
 
 
 
 
 
Rat No. 158 Exp No. 233 
Nerve Root: Left L5  
Peak Filtered Strain: 14.99% 
Displacement Rate: 200mm/sec 
 
 
 
 
 
 
 
158 
 
 
 
 
 
 
Rat No. 159 Exp No. 234 
Nerve Root: Left L5  
Peak Filtered Strain: 14.82% 
Displacement Rate: 200mm/sec 
 
 
 
 
 
 
159 
 
 
Rat No. 163 Exp No. 236 
Nerve Root: Left L5  
Peak Filtered Strain: 10.66% 
Displacement Rate: 200mm/sec 
 
 
 
 
160 
 
 
Rat No. 164 Exp No. 237 
Nerve Root: Left L5  
Peak Filtered Strain: 14.59% 
Displacement Rate: 200mm/sec 
 
 
 
 
 
 
 
161 
 
 
 
 
 
Rat No. 207 Exp No. 300 
Nerve Root: Right L5  
Peak Filtered Strain: 17.44 % 
Displacement Rate: 200mm/sec 
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800mm/sec 
 
Rat No. 180 Exp No. 267 
Nerve Root: Left L5  
Peak Filtered Strain: 14.21 % 
Displacement Rate: 800mm/sec 
 
 
 
 
 
 
 
 
 
 
163 
 
 
Rat No. 181 Exp No. 268 
Nerve Root: Left L5  
Peak Filtered Strain: 11.31 % 
Displacement Rate: 800mm/sec 
 
 
 
 
 
164 
 
 
 
Rat No. 182 Exp No. 269 
Nerve Root: Left L5  
Peak Filtered Strain: 8.87 % 
Displacement Rate: 800mm/sec 
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Rat No. 183 Exp No. 270 
Nerve Root: Left L5  
Peak Filtered Strain: 9.74 % 
Displacement Rate: 800mm/sec 
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Rat No. 184 Exp No. 271 
Nerve Root: Left L5  
Peak Filtered Strain: 2.59 % 
Displacement Rate: 800mm/sec 
 
 
 
 
 
 
167 
 
 
 
Rat No. 185 Exp No. 272 
Nerve Root: Left L5  
Peak Filtered Strain: 4.37 % 
Displacement Rate: 800mm/sec 
 
 
 
 
 
168 
 
 
 
 
 
 
Rat No. 187 Exp No. 277 
Nerve Root: Left L5  
Peak Filtered Strain: 15.7 % 
Displacement Rate: 800mm/sec 
 
 
 
 
 
169 
 
 
 
 
Rat No. 188 Exp No. 278 
Nerve Root: Left L5  
Peak Filtered Strain: 10.48 % 
Displacement Rate: 800mm/sec 
 
 
 
 
 
 
170 
 
 
 
 
 
 
 
 
 
Rat No. 189 Exp No. 279 
Nerve Root: Left L5  
Peak Filtered Strain: 7.37 % 
Displacement Rate: 800mm/sec 
 
 
 
171 
 
 
Rat No. 190 Exp No. 280 
Nerve Root: Left L5  
Peak Filtered Strain: 25.01 % 
Displacement Rate: 800mm/sec 
 
 
 
 
 
 
 
 
 
172 
 
 
 
Rat No. 191 Exp No. 281 
Nerve Root: Left L5  
Peak Filtered Strain: 2.27 % 
Displacement Rate: 800mm/sec 
 
 
 
 
 
 
 
 
 
 
 
173 
 
 
 
 
 
Rat No. 192 Exp No. 282 
Nerve Root: Left L5  
Peak Filtered Strain: 12.46 % 
Displacement Rate: 800mm/sec 
 
 
 
 
 
 
 
 
 
174 
 
 
 
 
 
 
Rat No. 196 Exp No. 289 
Nerve Root: Left L5  
Peak Filtered Strain: 17.34 % 
Displacement Rate: 800mm/sec 
 
 
 
 
 
 
 
 
175 
 
 
 
 
 
 
 
Rat No. 197 Exp No. 290 
Nerve Root: Left L5  
Peak Filtered Strain: 24.13 % 
Displacement Rate: 800mm/sec 
 
 
 
 
176 
 
 
 
 
 
 
 
 
Rat No. 198 Exp No. 291 
Nerve Root: Left L5  
Peak Filtered Strain: 4.17 % 
Displacement Rate: 800mm/sec 
 
 
 
 
177 
 
 
Rat No. 199 Exp No. 292 
Nerve Root: Left L5  
Peak Filtered Strain: 15.74 % 
Displacement Rate: 800mm/sec 
 
 
 
178 
 
 
Rat No. 201 Exp No. 294 
Nerve Root: Left L5  
Peak Filtered Strain: 11.10 % 
Displacement Rate: 800mm/sec 
 
 
 
179 
 
 
Rat No. 203 Exp No.296 
Nerve Root: Left L5  
Peak Filtered Strain: 10.99 % 
Displacement Rate: 800mm/sec 
 
 
 
180 
 
 
Rat No. 204 Exp No. 297 
Nerve Root: Left L5  
Peak Filtered Strain: 8.54 % 
Displacement Rate: 800mm/sec 
 
 
 
 
 
 
181 
 
 
Rat No. 205 Exp No. 298 
Nerve Root: Right L5  
Peak Filtered Strain: 34.9 % 
Displacement Rate: 800mm/sec 
 
 
 
182 
 
 
Rat No. 206 Exp No. 299 
Nerve Root: Left L5  
Peak Filtered Strain: 22.75 % 
Displacement Rate: 800mm/sec 
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APPENDIX E- ANIMAL RESEARCH PROTOCOL APPROVAL 
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APPENDIX F- COMPARISON OF RE1, RE2, AVERAGE STRAIN IN THE 
THREE STRAIN GROUPS 
A) 
 
B) 
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ABSTRACT 
NEUROPHYSIOLOGICAL CHANGES IN SPINAL NERVE ROOTS SUBJECTED TO 
TENSILE LOADING AT SEVERAL STRAIN RATES 
by 
GURJIWAN S. VIRK 
May 2012 
Advisor: Dr. John M. Cavanaugh 
Major: Biomedical Engineering 
Degree: Master of Science 
 Spinal nerve roots have been implicated in many types of traumatic injuries such 
as motor vehicle accidents, falls, and sports injury, causing damage to brachial plexus 
and lumbosacral plexus. They have also been involved in lower back pain, disc 
herniation or protrusions, sciatica, and traumatic birth delivers such as shoulder 
dystocia. These roots undergo tension, resulting in traumatic axonal injury (TAI), which 
is also one of the consequences of traumatic brain injury (TBI). Every year about 2 
million cases of TBI are reported nationwide with variable neurological deficits. Thus, it 
is important to understand the neurophysiological response and injury thresholds of 
axons when subjected to tensile stress at plausible strain rates that occur during 
trauma. 
 The aim of this study was to understand and monitor neurophysiological changes 
of the spinal nerve root stretched at several strains ranging from low (20mm/sec) to high 
(800mm/sec). For the current study, L5 dorsal nerve roots were subjected to 
displacement rates of 20mm/sec, 200mm/sec, and 800mm/sec and neurophysiological 
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parameters such as amplitude, area under the curve and conduction velocity of 
compound action potential were recorded and analyzed. Recording were taken before 
and until 6 hours post stretch. 
 It was observed that <10% strain group showed the least functional deficit 
followed by 10-20% and >20% strain group for all displacement speeds. It was also 
observed that 800mm/sec group showed the maximum functional deficit followed by 
20mm/sec and then 200mm/sec. Recovery was faster at lower strains and lower strain 
rates than higher strains and higher strain rates. The 20mm/sec group at <10% strain 
showed much faster recovery than the 200mm/sec group at <10% strain. Higher strain 
rates and strains such as 800mm/sec group at 10-20% and >20% did not show any 
recovery. Partial recovery was shown for 20mm/sec group at >20%, 200mm/sec group 
at >20%, and 800mm/sec group at <10%. 
These findings indicate that functional injury and recovery in the spinal nerve 
roots shows a strain and strain rate dependency.  
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